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Denne afuandling omhandler rekonstruktion af jet-jet masser i e+e- annihilationer ved h0j 
energi. Den beskrevne rekonstruktionsmetode er baseret pa en bunden tilpasning af jetternes 
4-impulser, hvor bandene stammer fra energi- og impulsbevarelse samt eventuelt fra direkte 
band pa masserne. 
Metoden har vceret brugt til at lede efter eksistensen af hypotetiske tunge partikler, der 
opstar parvis i henfald af den neutrale vektorboson. Det efterfolgende elektrosvage henfald 
til par af kvarker og antikvarker kan give begivenheder, som indeholder fire jets af hadroner. 
Jetterne bestar af partikler med sma transvers impulser relativ til den akse, der er bestemt 
af summen af partiklernes impulser. 
Standardmodellen, der beskriver de elektrosvage vekselvirkninger, er bygget pa begre-
ber som symmetri og lokal gaugeinvarians. Man kan konkludere, at den elektrosvage symmetri 
er brudt ved lave energier, fordi vektorbosonerne har en endelig masse. Dette symmetribrud 
er fors0gt forklaret med Higgs mekanismen, hvor et komplekst Higgs felt efter et spontant 
symmetribrud giver massive vektorbosoner og en neutral skalar Higgs boson. Det har vceret 
et af LEPs vigtige formal at lede efter eksistensen af disse partikler. I 0jeblikket er det muligt 
for eksperimenterne ved LEP at scette en nedre grcense for massen af disse partikler pa 57 
GeV/c2 • 
I den minimale supersymmetriske udvidelse af standardmodellen (MSSM) indfores to 
komplekse Higgs felter, som kan give masse til kvarker og leptoner. Denne teori indeholder 
fem fysiske Higgs partikler. I Born approksimationen er <let muligt at lcegge stcerke band pa 
de mulige vcerdier af disses masser. Desuden er <let muligt at udregne eksakte formler for de 
forventede henfaldsbredder. 
I denne afuandling beskrives, hvorledes DELPHI kollaborationen har s0gt efter den 
letteste skalare h-boson og den pseudoskalare A-boson, som er forudsagt i MSSM. Ved at 
udnytte kombinationen af forskellige komplementcere henfaldprocesser har <let vceret muligt 
at scette en nedre grcense for massen af h-partiklen pa 29 Ge V / c2 • Dette resultat er uafucengigt 
af vcerdien af de andre ukendte masser, men <let har vist sig at resultatet afucenger kritisk af 
h0jere-ordens korrektioner til modellen. 
IV PREFACE 
Preface 
This thesis concerns the reconstruction of jet-jet masses in e+e- multi-jet events, and a search 
for heavy particles decaying into pairs of jets. 
Besides the following, this thesis consists of four publications, [A-D]. The first three 
describe searches for pairs of hypothetical heavy bosons pair-produced in zo decays using the 
DELPHI detectors. [DJ is devoted to a description of jet-jet mass reconstruction methods 
which were used in (A-CJ. 
The work has been done at the Niels Bohr Institute and at CERN from 1989 to 1991. 
It began with the start-up of LEP data analysis in Copenhagen. In the DELPHI analysis 
team devoted to searches for new particles in complex topologies we chose to partake in 
the search for pair-production of neutral Higgs bosons described in the MSSM. This led to a 
development of analysis tools which were used to reconstruct the masses of these hypothetical 
particles. Later, it was found that the method can also be used in other searches. In the 
future, it may also be possible to use reconstructed jet-jet masses to measure the mass of the 
· charged vector boson when the collision energy is raised at LEP II. 
I wish to thank in alphabetic order: Acceleratorudvalget, CERN, Erik Dahl-Jensen, the 
DELPHI Collaboration, Paula Eerola, Gilbert Grosdidier, Elisabeth Grothe, John Guy, Knud 
Hansen, Stavros Katsanevas, Reino Keranen, J0rgen Kj~r, Pierre Lutz, Rasmus M0ller, the 
Niels Bohr Institute, Fran<;ois Richard, Karsten Spang, and Guy Wormser. 
Finally, I especially wish to thank the SARC Foundation for a most appreciated schol-
arship. 
Chapter 1 
Introduction and theoretical 
motivation 
In this chapter we will try to give a phenomenological introduction to some of the current 
subjects in high energy particle physics. A particularly pressing clan of problems relates to 
the symmetry breaking of the electroweak force, and the so-called Higgs mechanism. We will 
describe the Higgs sector of a specific model, and find which expectations this model gives for 
the detection of certain new hypothetical particles in e+e-collisions. We will restrict ourselves 
to those theoretical parts which are necessary for the following chapters. More stringent and 
thorough expositions can be found in common textbooks on the standard model. 
1.1 Particles and forces 
Modern particle physics describes the interactions between and properties of elementary 
particles. The particles are naturally divided into leptons and hadrons. Hadrons interact via 
the strong force, which keeps the atomic nuclei together. There are many species of hadrons, 
and experiments show that these composite objects in fact consist of charged constituents, 
known as the quarks. In the quark model one explains the hadron spectrum, by requiring that 
hadrons consist either of a combination of three quarks as in baryons, or a quark-antiquark 
combination as in mesons. Different types of quarks exist, corresponding to a quantum 
number known as flavor. The different quark flavors can be grouped in pairs, where except 
for the difference in mass, the pairs have similar properties. 
Leptons, which do not interact strongly, are even more naturally put in doublets like 
the electron, e, with the electron neutrino, Ve· Corresponding to the electron there are two 
heavier particles, the muon,µ, and the tau, r, which except for the masses behave in exactly 
the same way as the electron, each with a corresponding neutrino. Hence, both for quarks 
and leptons we have sets of particles with equal quantum numbers. Each set is said to belong 
to a family as shown in table 1.1. 
The known interactions can be divided into four fundamental forces: gravitation, weak, 
electromagnetic, and strong. For each of these forces there exists one or more bosons. They 
transmit the forces between the fundamental particles. The properties of the forces are shown 
schematically in table 1.2. 
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Table 1.1: The three quark and lepton farnilies1. 
Charge 
u c t +le 3 
Quarks 
d s b -~e 
Ve Vµ Vr 0 
Leptons 
e µ T -e 
Table 1.2: The four fundamental forces 
Gravitation I Weak I Electromagnetic I Strong 
Range 00 ~ 10-1sm 00 ~ 10-1sm 
Coupling 6. 10-39 10-5 7 .10-3 10-1 
constant 
Afflicted All Leptons Charged Hadrons 
particles and hadrons particles 
Exchanged Graviton Vector Photon Gluon 
particle boson 
Mass of 
exchanged 0 80 (91.2) GeV/c2 0 0 
particle 
1.2 The Standard Model 
Today, we have a clear understanding of the fundamental forces between quarks and lep-
tons. The strong interaction is described by Quantum Chromo Dynamics (QCD) and the 
electroweak theory explains the weak and electromagnetic interactions. The two theories are 
commonly denoted as the Standard Model (SM). 
QCD and the electroweak theory are both based on local gauge invariance to phase 
transformations, where the transformations are governed by the symmetry group associated 
with the interaction. The group generators in a gauge theory give rise to massless spin-
1 gauge fields, where the field strength of the interaction is set by a parameter called the 
coupling constant. The simplest type of these theories is the photon field, which generates 
phase transformations in one angle, identifying the underlying symmetry group as U(l). 
In QCD the underlying symmetry is SU(3) which gives a much more complicated struc-
ture with eight different bosons, known as gluons. Similarly, the symmetry group responsible 
for the electroweak interaction is SU(2)xU(l). From the four gauge fields of this group one 
can construct the photon, 'Y, responsible for the electromagnetic interactions, the charged 
vector bosons, w±, responsible for the weak charged currents, and finally the neutral vector 
boson, z0 , responsible for the weak neutral current. 
1The top quark, t, and the r neutrino have not yet been detected directly in experiments. 
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1.2.1 The Higgs sector 
The gauge invariance of the Standard Model as outlined above requires the masses of the 
gauge bosons to be zero. Since we know that the vector bosons in the weak sector are indeed 
massive, the underlying symmetry, SU ( 2) x U ( 1), is broken. Simply adding mass terms in the 
interaction, which are not gauge invariant, will give rise to a cross section for the process 
w+w- -+ w+w-, which grows with increasing energy, eventually violating unitarity. The 
Higgs mechanism was first introduced [2] to give the mass by adding an additional term in the 
electroweak interaction. While keeping the photon massless, the Higgs field gives massive W 
and Z bosons. In its simplest form it requires one complex doublet which, after spontaneous 
symmetry breaking, leads to one physical neutral scalar Higgs boson, H0 • 
Unfortunately, the theory introduces an additional parameter, the mass of the Higgs 
boson, MH. With the mass fixed the interactions of the boson are fully specified. The most 
striking feature is that H0 couples to other particles simply according to their masses. Hence, 
H0 will dominantly decay into the heaviest possible particles, and the H0 decay width will be 
proportional to MH 2 • 
From theory only very few constraints can be put on MH. If the mass becomes too large 
the decay width of H0 will be larger than MH, a rather absurd situation where perturbation 
theory breaks down. Futhermore, the unitarity constraint on the w+w- cross section implies 
an upper limit on MH. Limits as low as 600 GeV /c2 have been obtained with these arguments, 
and it is generally acknowledged that if the Higgs boson exists, the mass cannot exceed 
approximately 1 Te V / c2 • 
The low mass Higgs boson has recently been excluded by the LEP experiments. Using 
the process e+e- -+ H0 + z0*, zo* -+ ff, it was possible [3] to exclude the existence of the 
Higgs particle with a mass between 0 and 210 Me V / c2 . In this mass region the Higgs boson 
has a non vanishing average decay length: 6.3mx(40 (MeV/c2)/MH) 2 • If Higgs particles 
decay outside the detector, they will give rise to events where the Z0* decays into electron 
or muon pairs which have large momentum and energy imbalances. At larger MH, the Higgs 
bosons will decay into electron positron pairs inside the detector, leading to a pair of tracks 
coming from the same point (V0 ). In this case also the decays of Z0* into neutrinos are used 
to identify such events. 
Above the µjl threshold, 210 MeV /c2 , the decay is primarily to the heaviest kinemati-
cally allowed fermion anti-fermion pair, H0 -+ ff. When the mass exceeds appr. 12 GeV /c2 
H0 will predominantly decay into bb pairs. Taking the huge QCD background in mind the 
LEP experiments have searched for heavy Higgs bosons identifying the off mass-shell Z0* 
depending on its decay channel into leptons. The most important channel is Z0* -+ vii which 
gives events with two jets with large momentum imbalance and large missing energy. All 
four LEP experiments have succeeded in using their hermeticy in order to achieve efficiencies 
exceeding 50% on detecting such events. Since the experiments do not find any candidates, 
they can exclude a possible Higgs boson up to between 42 and 51 GeV /c2 [4], the number 
being updated each time more statistics become available. Combination of the results from 
all four LEP experiments gives a current lower limit on the standard model Higgs mass of 57 
Ge V / c2 at 95% confidence level. More details on the possible searches for Higgs bosons can 
be found in [5]. 
Although the Higgs sector of the standard model is a consistent theory at low energies, 
the physics that underlies the electroweak symmetry breaking at higher energies is not certain. 
The Higgs mechanism offers a simple explanation to some of the problems in the standard 
model, but as long as it has not been experimentally established, one cannot exclude other 
more complicated theories. It should however be emphasized that the only consistent way 
to provide masses for the gauge bosons involves introduction of one or more spin-0 particles 
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with mass comparable to M w. One should also keep in mind that at higher energies many 
aspects of particle physics are still not understood. 
1.3 Supersymmetry 
The standard SU(2)xU(l) model has been extremely successful [6] in its description of all 
the current data on the electroweak interactions. There are however many fundamental 
physical quantities which are left as free parameters, such as particle masses, mixing angles, 
the number of families, etc. The reason why these numbers are what they are in nature must 
be found beyond the standard model. 
One popular extension which tries to explain the hierarchy of different mass scales is 
supersymmetry, which interrelates particles with different values of the spin. In the exact 
supersymmetric limit there will be an exact correspondence between bosons and fermions. 
Since experiments have shown that supersymmetric particles must have larger masses 
than their partners, supersymmetry must be broken at low energies. We will not go into 
details about all the possible supersymmetric theories with their corresponding new particles 
but concentrate on the consequences for the Higgs sector in the special case known as the 
Minimal Supersymmetric extension of the Standard Model (MSSM) [5] [7]. The MSSM is 
particularly interesting because it is restricted. If it is not realized in nature, the MSSM may 
be almost completely excluded by LEP experiments. 
1.4 The Minimal Supersymmetric extension of the Standard 
Model 
In the minimal supersymmetric extension of the standard model two complex Higgs fields 
are required to give mass to both up- and down type quarks and leptons. This gives eight 
degrees of freedom which correspond to the three known vector bosons and five physical Higgs 
particles. There will be three neutral Higgs bosons, which we will denote by h, A, and H, 
and two charged states, H±. The h, H, and H± are all CP-even scalar bosons, while A is a 
CP-odd boson, commonly denoted as a pseudoscalar. There will also exist supersymmetric 
fermion partners to these particles, but since their masses are expected to be much larger we 
will not deal with these in this context. 
The two fields can in general mix and this gives two mixing angles, a and (3. With the 
normal definition of theses angles a is the mixing between H and h, and f3 is related to the 
vacuum expectation values for the new fields: tan f3 = 3!2., where the subscripts refer to the 
VJ 
fields which give masses to down-type (1) quarks and charged leptons and up-type (2) quarks 
and possibly neutrinos. Since the up-type quarks are much heavier than the down-type this 
leads to an expectation that tan /3 > 1, however this does not explain why the masses of 
particles in the different families are so different. Therefore, experiments must also look for 
the other possibility: tan f3 < 1. 
For convenience one chooses - ~ 7r :::; a :::; 0 and 0 :::; f3 :::; ~ 7r. 
Once the two angles are specified, the theory is totally described, and on the tree-level 
everything can be calculated. Since all the mass values scale with Mz it is convenient to 
introduce: 
M2 M2 M2 M2 M2 
rh - h rH - H r - A w d H± 
- M~, - M~ , A - M~ , rw = M~ , an r ± = M~ (1.1) 
1.4. THE MINIMAL SUPERSYMMETRIC EXTENSION OF THE STANDARD MODELS 
The transformations between the mixing angles and masses are given as: 
sin 2a + sin 2(3 
cos 2a( tan 2a - tan 2(3) 
tan 2a + tan 2(3 
tan 2a - tan 2(3 
TA-Th+l 
TA+ Tw 
tan 2(3 = ± (TA - Th)(l - Th) 
(TA - Th+ l)Th 
2 2(3 TA + 1 tan a = tan 
TA -1 




This means that there must exist at least one new Higgs particle, h, with mass below Mz. 
Hence, it will at LEP-II be possible to either observe this particle, or to exclude the entire 
Higgs sector of MSSM. This very nice feature of the theory is unfortunately not entirely 
correct. It is important to emphasize that the Higgs boson masses above are tree-level 
masses, which are modified when radiative corrections are taken into account. Recently [8] 
one-loop corrections have been calculated taking into account especially the t quark and its 
partner, the t squark, which couple to the Higgs fields. The main corrections are typically of 
order: 
t log _t 392 M4 (M2) 
87r2 sin2 (3 m~ Mt 
Depending on Mt and Mt, the corrections can increase Mh and MH by many GeV /c2 , which 
might possibly push Mh beyond Mz and even allow Mh > MA. MA and MH± are less effected 
and the couplings even less. 
We will mostly concentrate on the two Higgs particles with the lowest masses, where, 
still on the tree-level, one can calculate the branching fractions to the dominant decay modes: 
Br(h---> rf : cc : bb) = 1 : 2.l(tanacotf3)2 
Br(A---> rf : cc : bb) = 1 : 2.l(cot(3)4 
19(3~ 
19(3~ (1.5) 
where f3h is the b-quark velocity in the Higgs rest frame. From Eq. 1.2 we observe that if Th 
and TA are both small we must have: a::::: -(3, which implies similar decay fractions for the 
two Higgs bosons. Eq. 1.3 shows that (3 is not uniquely determined from Mh and MA. In the 
theory two sectors exist with tanf3 < 1 and tanf3 > 1. Substituting tanf3 by 1/tanf3 will 
give the same Higgs masses, but will give very different decay fractions. 
The limit where MA ---> oo should also be mentioned. In this case both A, H, and 
H± will be infinitely massive, thereby effectively decoupling from the theory, and we are left 
with a Higgs sector equivalent to the minimal standard model. However, one supersymmetric 
remnant exists, namely the requirement that Mh < Mz (up to loop correction). 
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1.5 Multi-jet events in e+e-collisions 
The theoretically calculated c:ouplings of the MSSM Higgs particles to the zo and fermions 
can be used to predict how they can appear in e+e- collisions. Since A is CP-odd the ZZA 
coupling must be negligible if CP is a nearly conserved quantity, and the pair production 
of identical Higgs particles is forbidden by Bose statistics. This leaves us with two possible 
reactions in e+e- collisions at the zo resonance: 
( 1.6) 
and 
zo - hA (1.7) 
The cross section for the first reaction is 
(1.8) 
where O'tto is the cross section for the standard model Higgs particle. The second cross section 
can be expressed as: 
0 1 2( 3( O"(Z - hA) = 2 cos f3 - a)0"11vA 1, rh, rA), (1.9) 
where 0'11v is the SM cross section for one neutrino species and the phase space factor, .X, can 
be expressed as: 
1 
.X(l,rh,rA) = (i - 2(rh + rA) + (rh - rA) 2)2 (1.10) 
The angular distribution of the produced Higgs bosons will be proportional to sin2 Op, 
where Op is the angle to the colliding electrons. The pair produced particles will thereafter 
decay according to the calculated decay fractions, and if the decay products are quarks, 
they will fragment into bunches of particles, which are known as jets. The physics behind 
the fragmentation is quite well known from experiments studying e+e- - qq. It should 
be emphasized that the two bosons decay nearly independently since for the range of Higgs 
masses considered here the Higgs does not interact strongly and the time scale of the Higgs 
decay is much longer than the time scale involved in the fragmentation processes. 
Since both the zo and especially the Higgs bosons predominantly decay into quark 
anti-quark pairs the typical event will consist of four jets, a very challenging situation for 
experiments due to the striking event features, but also very demanding since higher order 
QCD processes ( e+e- - qqgg) constitute a severe background for searches for the MSSM 
Higgs particles. 
Chapter 2 
The DELPHI detector at LEP 
Every new decade has seen an increase in the available energy for particle collisions. This has 
only been possible by building larger and more complicated accelerators and storage rings. 
This has also been the case at CERN. The latest exponent for this is the Large Electron 
Positron ring (LEP). 
2.1 The LEP facility at CERN 
LEP is built inside a 26. 7 km long tunnel situated 50-150 m below surface. The ring consists 
of eight curves and eight straight sections, in which electrons and positrons are accelerated, 
stored, and brought to collisions in four different interaction points situated on the straight 
sections. The electrons and positrons circulate in opposite directions inside the same vacuum 
chamber, accelerated by use of radio frequency cavities, and are bent in the curved sections 
by di-pole magnetic fields. The particles are kept in four plus four bunches and strong 
quadrapole magnets are used to focus the beams at each interaction point. 
During the first phase of its operation, LEP has been devoted to produce zo particles 
around the resonance peak with luminosity:::: 1031 cm2s-1 . Later, it is planned to increase the 
energy above the threshold for w+w- production, and finally possibly run with polarized 
beams, or with very large luminosity. 
Placed in underground caverns reside the four large LEP experiments: ALEPH, DEL-
PHI, L3, and OPAL. All four are of the general purpose collider detector type, consisting 
of tracking chambers and calorimeters irnbedded in a solenoid magnetic field, and cover-
ing nearly the full solid angle. The ALEPH detector is known for its very large tracking 
detector, the TPC, which gives excellent momentum resolution and efficiencies for charged 
tracks. DELPHI has emphasized particle identification using a novel type of detector, the 
RICH counters, which can measure the velocities of particles, and a highly granulated micro-
vertex detector to identify decays of long-lived particles. L3 wishes to measure leptons as 
precisely as possible using electromagnetic calorimeters equipped with Bismuth-Germanium-
Oxide crystals. Finally OPAL is constructed with technologies well established at the time 
of approval, so that it with high probability was able to produce physics results when LEP 
was first operational. 
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2.2 The DELPHI detector 
DELPHI [9] stands for DEtector with Lepton, Photon, and Hadron Identification, which is 
installed in a large underground cavern. A schematic view of the detector is shown in fig. 2.1. 
DELPHI consists of a central barrel part and two end-caps, which can be retracted to 
give access to the central parts of the detector. In this multi-purpose experiment eighteen 
















Figure 2.1: Perspective view of the DELPHI detector; 1 = micro-vertex detector, 2 = inner 
detector (ID), 3 = time projection chamber (TPC), 4 = barrel ring imaging Cherenkov 
counter (RICH), 5 = outer detector (OD), 6 = high density projection chamber (HPC), 
7 = superconducting solenoid, 8 = time-of-flight counters (TOF), 9 = hadron calorimeter 
(HCAL), 10 = barrel muon chambers, 11 = forward chamber A (FCA), 12 = small angle 
tagger (SAT)= luminosity monitor, 13 =forward RICH, 14 =forward chamber B (FCB), 15 
= forward electromagnetic calorimeter (FEMC), 16 = forward muon chambers, 17 = forward 
scintillator hodoscope. The very small angle tagger (VSAT) is situated outside the view. 
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2.2.1 Tracking of charged particles 
A central longitudinal magnetic field is exploited to measure the momenta of charged particles. 
The superconducting solenoid has wires with embedded Nb-Ti filaments kept at 4.5 K to give 
the very uniform 1.23 Tesla magnetic field. 
Inside the solenoid are placed the tracking detectors which start with the DELPHI 
micro-vertex detector. The 1990 edition consisted of two shells of silicon strip detectors 
placed outside the beam pipe at radii 9 and 11 cm, covering 37-143° in polar angle. The 
inner detector (ID) is placed between 12 and 28 cm from the interaction point, 17-163° in 
polar angle. It consists of two parts, an inner drift chamber giving 24 R</> points per track 
and 5 cylindrical multi-wire proportional chambers which also give z information. 
Outside the ID follows the time projection chamber (TPC) from 35-111 cm and 20-
1600. It performs a 3-dimensional track reconstruction by using an electric field aligned with 
the magnetic field. The Lorentz force drifts the electrons from the ionization of the chamber 
gas towards the end plates where the arrival time and the position is recorded with anode 
· wires and cathode pads. The outer detector (OD) consists of five layers of drift tubes, of 
which three also give z information by utilizing the relative timing of signals. The OD covers 
radii from 198-206 cm and 43-137° in polar angle. 
The forward chambers, FCA and FCB, provide useful tracking from 11-33° and 147-
1690. The FCA is placed on both ends of the TPC, and consists of three chambers at 
each end with two limited streamer mode detectors. FCB is located in the end cap and 
consists of 12 sense wire planes at each end. Besides the tracking devices mentioned above, 
DELPHI contains the SAT-tracker and the muon chambers, and one can even obtain tracking 
information from the calorimeters. 
2.2.2 Energy reconstruction 
The high density projection chamber (HPC) is placed just outside the OD in the barrel region. 
The HPC is the first large detector to use the time projection principle in electromagnetic 
calorimetry. It contains a lead converter which is also used as electric field cage. The ioniza-
tion from electromagnetic showers can thus be drifted to wire planes at the end of the HPC, 
where the 3-dimensional information can be read out with 18000 electronic channels. This 
gives a grai.1.ularity of 4 mm along z, 1° in azimuth, and nine radial samplings. An example 
of showers in the HPC can be seen in fig. 2.2. 
The forward region is covered by the FEMC, which consists of two 5 m diameter 
disks with a total of 9064 lead glass blocks. It covers polar angles 10-36.5° and 143.5-170°. 
Finally, DELPHI is equipped with a hadron calorimeter incorporated in the magnet yoke. 
The HCAL is a digital gas-sampling calorimeter with iron layers, covering both the barrel 
area 42.6-137.4°, and the forward area 11.2-48.5° and 131.5-168.8°. 
2.2.3 Particle identification 
DELPHI is designed with special emphasis on particle identification, even in complex events. 
A central part of this will be the novel Ring Imaging Cherenkov counters (RICH), which 
can detect the light produced by particles which enter a medium where their velocities are 
larger than the local speed of light. Cherenkov photons are emitted in a cone with an angle 
depending on the velocity of the particle. There is both a thin liquid radiator and a thick 
gas radiator. In the latter, the photons are focused through parabolic mirrors, and they 
are finally detected in drift-tubes which act as a TPC, giving 3-dimensional information. 




Figure 2.2: HPC sample obtained in a multi-shower event 
Combining the found velocity with the momentum measured from the corresponding track 
gives an excellent hadron identification over a large momentum range. The barrel RICH is 
situated between the TPC and OD, covering 42-138°, while the forward RICH covers 10-35° 
and 145-170°. 
Nearly all of the other detectors are also used for particle identification. The micro-
vertex gives information on decays from long lived particles, tracking in the TPC gives ~~, 
the calorimeters can separate electrons from hadrons, and finally the muon chambers can 
separate muons from other particles. 
2.2.4 Triggers and data handling 
In order to reduce the rate of data taking to about 1 Hz, DELPHI has four levels of triggers, 
of which the first two are fast hardware triggers operating synchronously with the beam cross-
over. We will not go into detail with each trigger and their efficiencies, just note that for 
hadronic ( 4-jet) events the total efficiency is larger than 99.9%. We also ignore the luminosity 
counters, since we use branching ratios to put limits on the MSSM Higgs particles. 
The data from each detector are transferred through the DELPHI data acquisition 
system to the data acquisition computer for permanent storage on cassettes. The cassettes 
with the raw data are later run through an analysis and reconstruction program, DELANA. 
The resulting Data Summary Tape (DST) contains the data as particle banks, where the 
reconstructed 4-momenta and other relevant information are kept. 
DELANA consists of local pattern recognition in individual detectors, a track search, 
a track fit, extrapolation of tracks, and finally a vertex fit is performed for the reconstruction 
results. An example of this is shown in fig. 2.3. The extrapolated tracks are linked to 
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results from the other detectors, and all the information is stored in one track bank. For 
the information used in the analyses made at the Niels Bohr Institute, the raw data was 
discarded and only the DST was kept and stored on EXABYTE cassettes, which were sent 
to Copenhagen. 
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Figure 2.3: Event display showing track fitting through micro-vertex, inner detector, and 
innermost sector of the TPC. 
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2.2.5 Performance of selected DELPHI detectors 
The DELPHI detector has been in operation since the start up of LEP in August 1989. Until 
the end of 1990, about 135.000 hadronic zo events have been recorded at luminosities up 
to 5 x 1030cm-2s-1 , giving a trigger rate of 2.5 Hz, and a lifetime of about 953. Several 
detectors have reached their design resolution, and DELPHI has obtained a satisfactory global 
performance. 
In 1991 there has been major improvements in the combined tracking and the under-
standing of the electromagnetic calorimeters. However, there has been problems with HPC, 
in which some of the modules have shown signs of ageing. This effect is now well understood 
as an unfortunate combined result of the use of radioactive lead and the use of silicon glue. 
DELPHI has now preliminary plans for repair of the HPC1 . 
The 4-jet analyses described in [A-DJ and chapter 4 used only the information of the 
tracking and the electromagnetic calorimeters. The resolutions obtained in the 1990 set-up 
can be seen in the following list. 
• The internal alignment of the micro-vertex detector with tracks from zo events gave an 
accuracy of CTRr.p = 14µm for the full vertex detector, resulting in a vertex reconstruction 
error of 90µm in (x, y). 
• The inner detector had a single wire resolution of CTR¢> = 14µm, and CTz < lmm in the 
outer layers. 
• The TPC resolution was CTR¢> = 180 - 280µm depending on the azimuthal angle, CTz < 
0.9mm, and the two track resolution 1.5 cm. 
• The outer detector obtained CTR¢> = llOµm and CTz = 4.4cm. 
• The forward chambers showed a~ 300µm per layer in FCA, and a= 250µm per plane 
in FCB. 
• The combined tracking obtained the following results for muon pairs at 45.6 Ge V / c 
momentum: dp/p =73, i.e. 6.p/p = 0.0015 x p[GeV /c], in the barrel region, combining 
information from ID, TPC, and OD. In the forward sectors (8=20-35° and 145-160°), 
dp/p =173 was obtained using ID, TPC, and FCB. 
• The shower resolution of the HPC was found in test beam to be ( aE/ £)[3]=23/VE+l.1, 
where E is in GeV. The results were not quite as good, giving a resolution just above 
3o/v'E3. 
• The energy resolution in the FEMC is somewhat larger. Electrons from Bhabha scat-
tering were used in the 1990 data to give a resolution of app. 53 at E=45 GeV. 
1The ageing has no important effect for 1989 and 1990 data. 
Chapter 3 
Reconstruction of jet-jet masses 
In this chapter we start by looking at the phenomenology in the long chain of processes 
leading from the initial electron and positron to the final state consisting of four jets as 
















Electroweak process leading to a zo event 
Neutral vector boson 
Electroweak decay 
Two unknown heavy particles 
Electroweak decays 
Four reconstructed jets of particles 
Hard gluon bremsstrahlung described by QCD 
Set of partons 
Hadronization described by phenomenological models 
Set of final state particles given by their 4-momenta 
Detector described by Monte Carlo simulation 
Set of detected particles 
XY 
Figure 3.1: The chain of processes and states leading to detected particles. 
It is our goal to reconstruct the masses of two unknown heavy particles, (3), from the 
set of detected particles, (8). 
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The initial state ( 1) is very well determined since the energy and angular spreads are 
small in LEP. In the electroweak process, (A), there is however initial state photon radiation, 
well described by QED, which leads to some uncertainty in the resulting zo state, (2). The 
electroweak decay of the zo leads, (B), to the two unknown particles, (3). They decay, (C), 
in our case with a long life time, into quark anti-quark pairs, ( 4). These interact strongly, 
(D), and can possibly emit gluons with large transverse momenta. In this stage we describe 
the state by a number of partons, (6). The soft fragmentation and hadronization processes, 
(E), lead to a set of stable particles, (7). The particles are finally detected in the experiment, 
(F), leading to a set of measured 4-momenta, (8). 
A general idea would be to "reverse" processes ( C-F) in order to reconstruct the in-
variant masses of X and Y. Process (F) should in principle be easy to invert in a statistical 
manner, since we know the experimental errors on the particles. However, some particles like 
neutrinos can never be detected, and there will always be a limitation on the geometrical 
acceptance of detectors, due to cables, beam pipe, etc. This error originating from "unseen" 
particles is evidently impossible to estimate on an event by event basis. 
Going back, (E), from the set of particles to four or more jets involves the problem 
6f assigning particles to the correct jet. In general, we cannot tell which jet a particle 
belongs to. In processes where a pair of quark and anti-quark is produced from the decay 
of a heavy particle, it is not even possible from a theoretical point of view, since the hard 
gluon bremsstrahlung, (D), and the subsequent softer processes, (E), will ruin this knowledge. 
Remembering that X and Y decay independently, this effect will only afflict the jets which 
come from the same decay. Hence, the assignment can give highly correlated errors on the jet 
momenta. However, if the jets are well collimated and separated the assignment errors will 
be of limited importance. Finally we cannot distinguish which jet belongs to which unknown 
particle in the process (C). We have to assume all the possible combinations of decays. Hence, 
the X and Y masses will not be uniquely determined. 
The approach we have chosen in [D] assumes that jets are concrete objects with mea-
surable 4-momenta. We define the true jet momenta as the momenta of the four original 
quarks. In this way the masses of X and Y can be reconstructed directly, and the errors 
described above will be dealt with as errors on the measurement of jets. 
The scenario in [DJ, as depicted in the right hand chain of fig. 3.1 includes three different 
sets of jets, the "true" jets known on the parton level, the measured jets, and the corrected 
jets. From this follows that we first have to perform ajet reconstruction and then improve the 
resolution of the measured jets using constraints from momentum and energy conservation, 
and possible further explicit constraints on the X and Y masses. Finally we can reconstruct 
the invariant mass of X and Y. However, in 4-jet events there are three ways we can divide 
the event into two di-jets. In general there is no way to determine which of these partitions 
is correct. The two wrong partitions will therefore give rise to a combinatorial background. 
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3.1 Jet reconstruction 
We choose to reconstruct all events as 4-jet events. This is done by dividing the particles 
into 4 subsets. This partition is optimized so that a measure for the individual jet width is 
minimized. As described in [DJ one can choose different measures and different algorithms 
to perform the optimization. However, the final results do not depend decisively on how the 
4-jet reconstruction is performed. 
3.2 Constrained fit 
It is well known that the errors on the jet energies are relatively much larger than the errors 
on the jet directions. One can therefore in a first approximation assume that only the jet 
energies are to be corrected. In the case where we have four jets and only four constraints 
from momentum and energy conservation this leads to four equations with four unknowns. 
These can be solved by the well known rescaling algorithm where each of the jet energies is 
rescaled by a so-called velocity parameter, giving reconstructed jet energies, but the directions 
remain the same. 
In [DJ we propose instead to perform a constrained fit, where one minimizes a x2 as a 
function of the reconstructed jet momenta. In this way also the errors on the jet direction 
can be taken into account. Here, we will not go into detail with this approach, but only 
concentrate on the results which are summarized below. 
• The parametrization of the reconstructed jet momenta as a function of the measured 
jet momenta must be made carefully in order to use the numerical technique with 
Lagrange multipliers. The piece de resistance is to use the logarithm of a rescaling 
coefficient applied to the jet energies in order to make the distribution of parameters 
nearly Gaussian. 
• The expectation values of the jet parameters needed in the fit can be obtained from the 
specific Monte Carlo. However, the results of the fit do not depend crucially on this 
choice, nor on the starting guess required in the iterative fitting procedure. 
• The distribution of jet parameters varies only slightly as a function of the two unknown 
masses. 
• The method can handle any number of jets with any number of constraints. 
• The error coming from undetected particles is clearly shown to be the most important. 
• The constrained fit is superior to the rescaling algorithm in the kinematical limit where 
the sum of the two unknown masses approaches the corresponding available collision 
energy. 
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3.2.1 Kinematical effects 
The search for hypothetical MSSM Higgs bosons includes the case where two particles are 
pair produced with different masses, as we will discuss in the next chapter. From (D, figs. 12 
and 13] we see that for sets of masses approaching the edge of phase space the shape of the 
reconstructed mass peak depends heavily on the masses of the two generated bosons. These 
are kinematical effects since they cannot be explained by differences in the jet measurement 
errors. 
First of all, we observe that the two reconstructed masses can become highly correlated, 
an effect which instead leads us to use the mass sum, E = ML+ Ms, and mass difference, ~ = 
ML - Ms, as independent variables. In this case the reconstructed values are uncorrelated, 
distributed according to a Gaussian. The choice of largest and smallest mass is also shown 
in [DJ to lead to a reflection in the line ML = Ms, or equivalently ~ = 0. 
In the vicinity of the mass peak, the combinatorial background coming from wrong 
di-jet pairings is relatively flat, which leads us to the following description of the mass peak: 
1 d2 CT E ( (~ - ~o)2 (~ + ~o)2 ) (E - }:o)2 -d~d" = 2 exp(- 2 2 )+exp(- 2 2 ) xexp(- 2 2 )+c (3.1) CT "-' u 7r CT'£,(1.:l CT .:l CT .:l CTI; 
where E is the efficiency, CT .:l and CTr; the widths, (}:o, ~o) the center of the mass peak, and c 
the contribution from the combinatorial background. 
Unfortunately, the reconstructed masses are not generally centered perfectly at the 
correct generated masses as shown in [D, fig. 14]. The difference, ~M, is typically of the 
order of a few hundred Me V / c2 , and arises from both the 4-jet reconstruction and kinematical 
effects. This effect mostly affects the mass sum, E. 
When the masses of the two particles approach the kinematical limit, E ___. y's/c2 , the 
reconstructed peak broadens in the mass difference, and narrows in the mass sum. However, 
the area of the peak in the (E, ~)plane does not change dramatically. 
3.2.2 Search for the standard Higgs in hadronic events 
The above features related to the kinematical effects have one severe side effect, which is seen 
in a search for the standard Higgs particles in the 4-jet process: zo ___. H0 Z0* ___. bbqq. The 
off mass-shell Z0* will obtain a mass distributed at high values, as close to the kinematical 
limit as possible. However, it will have a width of app. 5 GeV/c2 • Even though CTr; is below 
1.5 Ge V / c2 in determining Mzo• + MH, the uncertainty on Mz will dominate. Combining this 
with a large value of CT .:l gives a reconstructed mass peak that is hardly detectable, even in 
pure samples of generated events with a fixed MH. Thus, the search for the standard Higgs 
boson at large masses in the purely hadronic events had to be given up. A similar conclusion 
was reached by the other LEP experiments [4). 
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3.2.3 A simplified jet Monte Carlo 
In order to understand the kinematical effects in the whole (E, ~) plane it is necessary to 
produce Monte Carlo events with many choices of Mh and MA. Unfortunately, these 4-jet 
events are very CPU consuming when the DELPHI detectors have to be simulated. However, 
we know how to parametrize the jet measurement errors in a simplified way. 
From the Monte Carlo events we can calculate the distributions of the jet parameters 
from [D, eq. 16). Since these are nearly independent of the generated masses, we can make 
the exercise of generating measured jets according to these distributions. The zo_,hA decay 
is easy to simulate and the four produced quarks are then smeared according to the inverse 
of [D, eq. 16]. For this we have chosen ao = 0.15, (J'a = 0.35, and (J'b = (J'c = 1.4(GeV /c). The 
four jets are then finally put through the constrained fit. This procedure requires less than 
0.1 CPU seconds per event on a VAX-station 3100. 
Some results from this exercise are shown in fig. 3.2, where we have generated 5000 
events in each bin. The Higgs particles are generated with equal masses from 10 to 45 Ge V / c2 • 
Evidently, these figures only give hints on how the correct widths and masses are distributed. 
But, they are very valuable, e.g. when we want to optimize the window size in searches, we 
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Figure 3.2: Results from a simplified jet Monte Carlo. The widths, O'E and O'f:i., and the 
difference between the fitted mass and the generated mass, ~E, are plotted as functions of 
the generated mass. For each generated Higgs mass the reconstructed mass spectrum is fitted 
to a Gaussian. 
Chapter 4 
Search for MSSM neutral Higgs 
decaying to 4 jets 
In this chapter we will go through three different DELPHI searches [A-C] for the hypothetical 
· pair production of neutral Higgs particles decaying to 4 jets in the MSSM scheme described 
in chapter 1. 
All of the analyses have proceeded as follows. First, all events are reconstructed as 4-jet 
events. Next, the jet-jet mass resolution is improved using the 4 constraints from momentum 
and energy conservation. Selections are made in [B,C] to reduce the background from zo -
qq. 
For each event, the three pairs of di-jet masses that can be formed are entered in a plot 
of the smaller di-jet mass, Ms, versus the larger di-jet mass, ML. The Higgs signal is searched 
for as a peak in this 2-dimensional distribution, and finally a limit at 95% confidence level 
can be put on the masses of these hypothetical particles given the cross sections calculated in 
chapter 1 and the efficiency for the Higgs signal, which must be estimated from Monte Carlo. 
Details of analyses [A-CJ are found in appendix A. 
4.1 Event selection and data analysis 
All hadronic events are selected with visible energy above a very low cut, and a minimum 
number of particles above six. Four jets are then reconstructed using the procedure described 
in [D, 2.2]. The jets are reconstructed from charged particles measured in the tracking devices 
and electromagnetic clusters from the calorimeters1 . Only loose cuts, see appendix A.2, are 
put on the particles in order to obtain the best possible jet resolution. 
Next, the jet resolution is improved utilizing the four constraints from momentum and 
energy conservation. The algorithms used are in [A] the velocity rescaling [D, 3.1], and in 
[B,C] a constrained fit [D, 3.3]. The rescaled/fitted jets are then combined to the six possible 
di-jets, and each of the three pairs of di-jet masses that can be found is entered in a Dalitz 
plot, where the smaller di-jet mass is plotted against the largest di-jet mass. 
4.2 Monte Carlo simulation 
In order to study the expected mass resolutions and efficiencies, we simulate zo - hA decays 
with various masses (MA,Mh)· A and h are given decay fractions calculated from MSSM as 
1The energy of electrons which are not detected as such are counted twice. In average, this effect is 
negligible. 
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shown in chapter 1. Subsequent hadronization uses parton shower and string fragmentation 
from the Lund Monte Carlo [11), and the results are passed through the DELPHI detailed 
simulation program. 
For the analyses [A,B] we had only Monte Carlo simulations describing the decays of 
charged Higgs scalars: zo --+ H+H- --+ cs cs, where the decays are very similar to h,A --+ 
cc. For the analysis [CJ we have a sample of 7.000 signal events generated over a large mass 
range, for both tan f3 below and above one. For tan f3 above one the dominant decay mode is 
A,h --+ bb and below one it is A,h --+ cc. 
4.3 Cuts 
In order to minimize the severe background from higher order QCD processes, we have to 
make very tight cuts on the events. A well known feature of the strong interactions is that 
QCD has infrared and collinear divergences, i.e. there is an abundance of soft or collinear 
gluon radiation in the fragmentation processes. On the other hand, the events where two 
heavy Higgs bosons decay into qq pairs will in general both have large di-jet opening angles 
and large jet energies. 
In fig. 4.1 we plot the distribution of the minimum jet opening angle, Ofjn, versus the 
minimum jet energy Erun, both for QCD Monte Carlo and for all of the generated Higgs 
decays. One observes the two QCD divergences as bands with low minimum energy or low 
minimum opening angle. The distributions from the simulated Higgs events vary only slightly 
as a function of the generated masses as long as Mh > 25 Ge V / c2 • 
In order to optimize the significance for the searches we define a quantity, S, which 
is proportional to the number of standard deviations a real Higgs signal would give. Since 
the searches involve the determination of a large peak, s, on a large background, b, the 
corresponding probability distributions will be nearly Gaussian. S is then simply expressed 
as: 
s s C( -Vb (4.1) 




2 b dx 
(4.2) 
This means that the optimized cut in x depends only on the shape of the distributions 
s( x) and b( x ). Hence, we can optimize the cuts independently of the branching ratio, and 
independently of the absolute size of the background. 
In (CJ we choose to make a cut in the variable Ofjn x Erun, where the minimization is 
taken independently over all di-jet combinations i,j, and over all jets, k. From fig. 4.2 we 
see that the maximum does not depend decisively on the generated masses. We also observe 
that we gain a factor of 2.5 in the sensitivity compared to not using a cut as was the case in 
[A]. 
Besides the QCD cut, we also have to make some technical cuts related to the 4-jet 
reconstruction. These are put on the rescaling coefficients in [A] and on the x2 from the 
constrained fit in [B,C]. 
Finally, we have chosen in [CJ to require a minimum number of 4 particles in each jet. 
This actually does not improve the gain very much, but it ensures that any remaining noisy 
channel in the electromagnetic calorimeters will not fake a 4-jet event. 
The efficiency for each cut varies in analyses (A-C], but it should be mentioned that 
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Figure 4.1: The minimum di-jet opening angle, Orjn, is plotted against minimum jet energy 
EFn, above for QCD Monte Carlo, below for all the simulated hA events. Data above the 
full line is selected in analysis [CJ. 
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Figure 4.2: S, which is a quantity proportional to the number of standard deviations a 
hypothetical hA signal would give is plotted for different samples of simulated hA events 
against the value of Orjn x EFn, used as a cut. A cut of erjn x EFn < 9 GeV radians 
was chosen in [CJ. The scale is arbitrary. Results from four different samples are shown: (a) 
Mh=25 GeV/c2 , MA=40 GeV/c2 , (b) Mh=35 GeV/c2 , Mh=40 GeV/c2 , (c) Mh=40 GeV/c2 , 
MA =50 Ge V / c2 , and ( d) all simulated hA events. 
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The angular distribution of the produced Higgs bosons will be proportional to sin2 Op, 
where OP is the angle to the beam axis. The QCD background is distributed proportional to 
1 + cos2 Op. One would therefore expect that a cut on the production angle, Op, enhances the 
signal. 
In fig. 4.3 we plot the quantity, S, as a function of a cut in the production angle, cos o~ut. 
From (a) we observe that we can increase the number of standard deviations by app. 10% if 
we use a cut: cos Op < 0. 7. This argument is only correct when we do not make any other 
cuts to reduce the QCD background. The production angle is defined from the directions of 
the Higgs bosons in the signal events and the quark anti-quark pair in the background events. 
The background events that pass the QCD cut in searches for high mass Higgs bosons will 
not be 2-jet like. Therefore it is impossible to measure the correct cos Op for those events. 
The cos Op from the Higgs signal can still be measured correctly. In fig. 4.3(b) we plot the 
quantity, S, where we assume that the production angle of background events is uniformly 
distributed. Here, the increase in the number of standard deviations has dropped to app. 
53. Finally, we must also include the measurement error on the production angle. When we 
take this into account we find that a cut on the production angle cannot enhance the signal 
in searches for high mass Higgs bosons. 
As a result of these considerations we included a cut of cos OP < 0.6 in search [A], while 
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Figure 4.3: S, which is a quantity proportional to the number of standard deviations a 
hypothetical hA signal would give is plotted as a function of a cut on the production angle, 
cos(O~ut). The scale is arbitrary. The curves are calulated analytically, assuming Op distibuted 
like sin2 OP for the signal and 1 + cos2 Op for the background in (a). In (b) the background is 
assumed to be uniformly distributed. 
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4.4 Search windows 
In the direct search for a hump in the 2-dimensional mass spectrum we choose to use rectan-
gular windows in the two variables. The background is computed by extrapolating from the 
observed distribution itself, averaged over a larger window adjacent to the search window. 
The details of window choices can be found in appendix A.4. 
There are several things that must be noted. First of all, the background computation 
enables us to be independent of a correct description of the QCD background. This is a very 
important point since we make the QCD cut on the tail of a steep distribution where we 
cannot be certain to rely on the QCD Monte Carlo simulation2 • 
In the searches [A,B] we had only Monte Carlo samples generated with equal masses. 
This means that the results can only be fully relied on, on the diagonal ML=Ms. Outside 
this line the width of the signal was underestimated due to the reflection effect described in 
chapter 3 and [D]. In [CJ this has been taken into account. However, the search window is 
chosen too large in [CJ near the diagonal, which means that we can obtain better resolution 
if we also allow the window size to depend on ML-Ms. 
4.5 Calculation of confidence level 
In fig. 4.4 we show the Dalitz plot obtained in analysis [CJ. In the search we move the 
signal window and the background window around in the plane in steps of 0.2 Ge V / c2 • In 
order to put limits on the possible masses we must know the number of entries in the signal 
window, Ne, the number of expected entries from a signal, N 8 , and the number of entries 
from the extrapolated background, Nb. Ns is computed as the MSSM branching ratio times 
the interpolated efficiency times the total number of events. Using Poisson statistics, the 
confidence level, CL, is then computed as: 
( 4.3) 
Finally, in fig. 4.4 we draw a contour where the confidence level equals 95%, and we can 
thereby exclude the possible existence of neutral Higgs bosons with masses that are inside 
the contours. The efficiencies used are interpolated. This means that we cannot go to much 
outside the area defined by the Monte Carlo samples. Hence, we have restricted the search 
to the following area: ML >Ms, Ms > 25 GeV /c2 , ML+Ms < 86 GeV /c2 , and ML-Ms < 16 
Ge V / c2 . These four restrictions give rise to the straight sections of the contour in fig. 4.4. 
The limit, Ms > 25 GeV /c2 , is chosen in [C] since Mh < 25 GeV /c2 can be excluded from 
analysis [A]. 
The fluctuation of the background has not been taken into account for calculating the 
confidence level. This is not a problem in searches [A,B] since the background windows are 
at least a factor 25 larger than the signal windows. However, in search [CJ we choose a 
background window which is of the same size as the signal window. This is done in order to 
get very close to the kinematical limit where the distribution falls in the variable ML+Ms. 
2 When the LEP experiments compare the QCD Monte Carlo with the data in their respective hA searches, 
discrepancies of 0-303 are observed. In all cases, the fraction of 4-jet events which pass the cut is larger in 
data compared to the simulated events. On the other hand, the shape of the Dalitz plots are seen to be in 
good agreement with QCD. 
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Figure 4.4: Results are shown from analysis [CJ. (a) shows the Dalitz plot of the smallest 
reconstructed mass plotted against the largest reconstructed mass. In (a) is also placed the 
contour where the pair production can be excluded at 95% confidence level. The straight 
sections of the contour are due to explicit cuts described in the text. (b) shows the signal 
from MSSM Higgs bosons with MA= 35 GeV /c2 and Mh = 30 GeV /c2 as predicted by Monte 
Carlo simulation. 
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Later it has turned out that we can choose a background window which is up to 5 times as 
large. However, even in this case we should take the fluctuation of the estimated background 
into account. 
4.6 Combined MSSM limits with H0z0* 
As mentioned in chapter 1, the production of MSSM neutral Higgs particles is predicted to 
occur predominantly by two complementary production mechanisms, e+e- -+ hZ0*, or e+e-
-+ hA. The cross sections are proportional to sin2(a-,B)aHo and cos2 (a-,B)avD, which means 
that we can combine the limits from the hA and the minimal SM H0 searches to restrict the 
parameters of the model, a and ,B. In addition, the channel where one of the bosons decay 
into a r+r- pair can be used to restrict the parameters when tan ,B > 1. 
Here, we will not go into detail about the combined limits which are described in [A-C]. 
We wish however to draw attention to the fact that the 4-jet hA analysis is searching for a 
large signal on a large background. In general, this means that the confidence level goes 
rapidly from nearly zero to nearly unity when the masses are varied. Hence, one does not 
gain more than typically 0.1 GeV /c2 from taking the statistical combined limit of the two 
searches, compared to using the 95% confidence limits independently. 
We will also mention that DELPHI has the capability of tagging jets which originate 
from b-quarks. When tan ,B > 1, app. 90% of the events will include 4 b-quarks. The b-quark 
jets can either be tagged by the semi-leptonic b decay, which is signified by a muon with 
large longitudinal and transverse momentum with respect to the jet axis, or explicitly by 
the decays of b-mesons, which can be detected by the micro-vertex detector and the RICH 
detectors. \Ve have not yet implemented this in the hA search. 
4.1 Model independent limits 
The limits on Mh and MA are based on the MSSM theory at tree-level. The one-loop radiative 
corrections to the model have recently been computed, and turn out to be large as mentioned 
in chapter 1. Futhermore, the lightest scalar Higgs particle, h, need no longer to be lighter 
than the pseudoscalar A. If Mh > 2MA, one can even imagine the process h -+ AA, which is 
allowed since A is CP-odd. 
The loop corrections depend mainly on the top- and stop-quark masses, and afflict 
especially the masses of the neutral scalars. In principle we can vary these two masses within 
the experimentally allowed limits and thereby calculate new limits on Mh and MA. However, 
this will be somewhat difficult to present since there are now four free parameters in the 
theory. Futhermore, the large one-loop corrections indicate that higher order corrections 
which have not yet been calculated may give an important contribution. 
In view of the problems with the radiative corrections to MSSM we will translate the 
limits on Mh and MA into limits on the branching ratio: 
BR = _a..;_( z_0_-+_h_A_;_) 
a(ZO-+ qq) ( 4.4) 
The decay ratios of A and h do not seem to be afflicted by the radiative corrections. Therefore, 
we can still use the events simulated with MSSM on tree-level, but the translation between 
(Mh,MA) and ( a,,B) will be uncertain. The interpretation of these limits in terms of limits on 
the MSSM parameters is still a topic under active investigation [10]. In eq. 4.3 we can put 
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CL=953 and thereby compute the 953 confidence level on Ns as a function of Ne and Nb. 
The corresponding limit on the branching ratio will then be: 
Ns 
BRlimit = --Nhf. 
( 4.5) 
where Nh is the total number of hadronic events and E is the interpolated efficiency. The 
953 confidence level limits on the branching ratio is shown in fig. 4.5. As mentioned above, 
we do not rely on the sin2 (}P behavior of the zo decay, which means that the obtained limits 
are nearly independent of the spin of the particles. 
4.8 Systematic effects 
It is important to understand the uncertainties in the analyses and their effects on the ex-
pected number of events. 
Since we use the data itself to subtract the background we are not sensitive to an 
incomplete description of the QCD background. The basic systematic problem is that we 
cannot ensure that the mass reconstruction of real events is correctly described by the Monte 
Carlo simulation, i.e. there are no known zo decays, which can be used to calibrate the 
method. However, we can choose to assume some uncertainties in the simulation and thereby 
estimate the systematic uncertainties. 
4.8.1 Fragmentation and hadronization 
The decay of the Higgs particles into quark anti-quark pairs is described precisely in the 
MSSM, except for the radiative corrections. The following fragmentation and hadronization 
are well known from e+e- -+ qq events and parametrized in the Lund Monte Carlo used for 
this analysis. The uncertainties in the parameters used in the Lund Monte Carlo are small, 
and the resulting errors on the fragmentation will give rise to errors on the reconstructed 
masses and on the efficiencies, which are of minor importance when the constraints from 
momentum and energy conservation are used. In principle we could make a quantitative 
computation of these effects by varying the parameters in the Lund Monte Carlo within the 
experimental limits. However, we do not think that this is necessary in view of the very large 
amount of CPU power needed for this purpose. 
4.8.2 Detector simulation 
We have tried to estimate the effects from an incomplete description of the DELPHI detectors 
in the simulation. Since the detection efficiency has been measured directly at LEP to be 
very close to the simulated, the main discrepancies lie in the measurement errors on the 
particle momenta and maybe noisy channels. However, again we can partly rely on the use 
of constraints to minimize the systematic effects on the reconstructed di-jet masses. 
In [DJ, we compute the effects of discrepancy between data and simulated events, which 
can influence signal efficiencies and widths of the reconstructed mass peak. It turns out that 
the width is only very little affected while the detection efficiency will decrease by app. 43 if 
an additional 23 of the particles are not detected. The track efficiency has been measured by 
DELPHI, and it turns out to be larger than 98%, depending on the position and momentum 
of the track. In conclusion, we estimate that the systematic uncertainty is of the order of or 
less than 53. Since 53 is a small number compared to the statistical errors, we have not 
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Figure 4.5: The 95% confidence level limit on the branching ratio: BR = :\~:=~~f is shown 
as a function of the two unknown masses, ML and Ms. The search area is restricted as in 
fig. 4.4. 
Chapter 5 
Other applications of the 
constrained fit 
In the previous chapters we described how the constrained fit could be used to improve the 
·jet-jet mass resolution in the search for pair-production of heavy neutral scalars. In this 
chapter we will have a short look at the possibility of using the method in other areas of 
e+e- physics. 
First of all, we note that information is actually lost when the fit is performed. This 
means that the method is optimized to reconstruct the correct jet-jet masses and not neces-
sarily to give the correct energies and directions of jets. We will especially emphasize that 
the measured angles are not improved with this approach, e.g. the constrained fit cannot be 
used to decrease the jet measurement error which afflicts QCD analysis of multi-jet events. 
Unlike the rescaling method, the constrained fit is not limited to four jets and four 
constraints as was the case in the hA search. It is straightforward to include any number of 
jets and any constraints we wish put on the events. 
5.1 Search for pair-production of charged scalars 
The simplest extension is the case where the zo decays into two heavy objects with the same 
mass. As described in [D] the three possible pairings give rise to three different fits, where the 
resulting x2 of each fit depends decisively on how well the equal mass constraint is fulfilled. 
The equal mass analysis can be examplified by the DELPHI search for heavy charged Higgs 
particles[12]. In this case the cross section is precisely computable1 on the tree-level: 
(5.1) 
where the parameters are explained in chapter 1. 
The search for a peak is here performed in a 1-dimensional mass spectrum, which makes 
the analysis somewhat more straight forward. The obtained reconstructed mass resolution 
is in general around 1 Ge V / c2 , a value which decreases further as the kinematical limit is 
approached: MH± -+ ~JS/c2 • If the decay of the charged Higgs is purely hadronic, the 
obtained limit in [12] is MH± < 40 GeV /c2 at 95% confidence level. 
1 As described in chapter 1, MSSM requires the mass of the charged Higgs bosons to be larger than Mz. This 
means that the decay fractions for H± are unknown, but the cross section is the same for any pair-production 
of charged scalars. 
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5.2 Measuring the mass of the charged vector boson 
Another application of the equal mass constrained fit is to measure the mass of the charged 
vector boson, W, at LEP II. The current mass is 80.1±0.3 GeV /c2 measured by the UA2 and 
CDF experiments. Mw is an important quantity in precision tests of the standard model. 
At the time LEP will increase the available energy above the w+w- threshold, it is 
expected that the CDF error on Mw will be of order 100 MeV /c2 depending on how well the 
Tevatron hadron collider will function in the future. 
At LEP II the maximum collision energy is currently planned to be app. 170 GeV. A 
total integrated luminosity of 500 pb-1 is expected to give app. 10000 w+w- events at each 
LEP experiment, half of which will be events where both charged vector bosons decay into 
quark anti-quark pairs, i.e. a situation equivalent to the H+H- events mentioned above. 
In principle there are two suitable ways to measure Mw at LEP IL The first is the 
threshold method, which relies on measuring the cross section as a function of the collision 
energy, .JS. Unfortunately, the w+w- cross section turns on rather slowly, which makes 
this measurement difficult, i.e. the error on Mw is estimated to be more than 100 MeV /c2 
for each LEP experiment. 
Another approach is to measure Mw directly. In this case it will be most efficient to run 
at highest possible beam energy. The hadronic w+w- events can then be analysed in a way 
similar to the approach described for H+H- in [D]. If we simply rescale the measurement 
errors with the energy we can calculate the statistical error on the measurement of Mw, 
<J' M w, with this approach: 
1 
<J'Mw = ((~<J'H)2 + ~<J'~) 2 (EN)-~ (5.2) 
where ::ili. is the ratio of the collision energies at LEP II and LEP I, <J'H is the width of the Fi 
reconstructed MH generated at app. 40 GeV /c2 in [DJ, <J'W the intrinsic width of W, € the 
efficiency, and N the total number of hadronic w+w- events. Notice the factor ! in front of 
<J'~ which is due to the fact that we are measuring the average of two masses. Putting ,,/82 
= 170 GeV, y'S1 = 91 GeV, <J'H = 1.0 GeV/c2 , E=0.5, and N=5000 yields a statistical error 
of 52 MeV /c2 • 
In this case however we will have to thoroughly understand the systematic effects that 
afflict this measurement. Of special interest is the difference between the generated and the 
reconstructed mass, which can become quite large as described in [DJ. These effects must 
be fully understood in order to minimize any possible systematic error on the measurement 
of Mw. At LEP II, there is a way to calibrate the mass measurement to some degree. 
Consider the decay of an off mass-shell z0 : Z0* --+ z0,. If the photon can be detected, we 
can perform a constrained fit to the two jets and the photon. However, since the photon is 
treated separately, the calibration cannot be complete, and we must consider the calibration 
merely as a consistency check. 
The leptonic W decays can also be used for determining Mw, but probably with larger 
statistical errors. We will in this context mention that the constrained fit is not restricted to 
jets only. Consider for example w+w- events where one of the vector bosons decays into 
two jets and the other decays into a muon and a neutrino. In this case three of the constraints 
are eaten by the neutrino which misses detection. However, the muon will be much better 
measured than the jets, with a measurement error that is close to Gaussian. There will only 
be one constrained fit, and the number of relevant constraints on the jet parameters and the 
muon momentum will be two. Evidently, we expect the error on Mw coming from such an 
analysis to be substantially larger than the error in the purely hadronic events. 
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5.3 Going to higher energies and top-quark features 
As the collision energy incr%ses and eventually goes beyond the Wand top quark thresholds 
a whole new scenario evolves. The decays of the heavy particles into jets will give events with 
a number of jets coming from the hadronization of the light quarks. In order to analyse such 
events we must apply jet-jet mass spectroscopy. Here, we will give an example to show how 
complicated the scenario might be. 
Consider the search for pair-production of charged Higgs bosons at ..jS = 500 GeV. 
When M8 ± < Mt the decay will be similar those in the H+H- analysis mentioned above. 
But, when MH± > Mt the final state will consist of eight jets! The process can be imagined 
to proceed as follows: e+e- --+ H+H-, H+ --+th, t--+ w+b, and finally W--+ ch. This means 
that there will be four light quarks from each charged Higgs boson. 
In general the eight jets will be well separated, and we will now describe how a con-
strained fit could proceed. The events will be highly constrained since we also have the 
known Mw and Mt. The number of constraints will be nine2 ; four from momentum and 
energy conservation, two from the top quark masses, two from the vector boson masses, and 
one equal mass constraint. 
Since the number of constraints exceeds the number of jets we expect to obtain a rather 
good determination of the unknown mass, M8 ±. However, there are two problems which will 
be very difficult to solve. The first is related to the affiliation of the jets to the heavy particles, 
i.e. which two jets correspond to the w+? There are 35 ways to divide eight jets into two 
indistinct charged Higgs bosons, for each of these there are four ways to choose which three 
jets come from the t quark, and finally three ways each t quark can be split into a W and a b 
quark. Combining these numbers gives 5040 ways we can partition the eight jets! In principle, 
we should perform 5040 fits and then choose the partitions which have a reasonable x2 • We 
can however choose to make some simple cuts in order to decrease this number dramatically. 
Another decrease might come if we can tag some of the b-jets, e.g. by the semi-leptonic decay 
or by the measured jet mass. 
The other problem is related to the top quark. The top width is evidently not known. 
It is however known that it will be large, which means that the time scale for the top quark 
decay will be of the same order as the time scale for the hadronization. In practise, this will 
probably mean that the constraints from the top mass will not be usable. 
2 Depending somewhat on the accelerator facility, there will be a large amount of hard initial state photon 
radiation, which can be partly dealt with by assuming one radiative photon in the beam direction. In this 
case the number of constraints will be eight. 
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Chapter 6 
Conclusion 
In the last few years, the description of the electroweak and strong forces in the standard 
model has been tested rigorously in many experiments. The success has been quite astonish-
ing since the standard model explains many different aspects of high energy particle physics. 
The origin of the electroweak symmetry breaking has however still not been verified experi-
mentally. 
The described Higgs sector of the standard model provides a simple explanation for the 
origin of the vector boson masses. Therefore, it is an important task for the LEP experiments 
to look for the existence of these particles. 
In the minimal standard model there exists one physical Higgs boson. In chapter 1, we 
described theories that include two complex Higgs fields, which were found to be interesting, 
since they might explain the differences in mass between up- and down-type quarks and 
leptons. The minimal supersymmetric extension of the standard model (MSSM) was used as 
an example of such theories. It allows us to compute the physical Higgs masses and couplings 
explicitly. MSSM predicts very stringent limits on the masses. At the tree-level, the MSSM 
requires that the mass of the lightest neutral scalar boson is smaller than the mass of the 
neutral vector boson. However, it has recently turned out that the radiative corrections to 
the mass of the lightest scalar might be very large. Therefore, we found that this conclusion 
might not be true. 
In order to study the processes where Higgs bosons are pair-produced in zo decays 
we described a method which can be used to enhance the resolution of jet-jet masses in 
multi-jet events. Special emphasis has been put to make the algorithms straightforward 
to use, while still retaining a certain amount of flexibility1 . In [DJ we saw that there is 
room for improvements to the constrained fit. The most important problems were related 
to understanding the kinematical effects and to the problem of assigning the particles to the 
correct jets. In principle, the correlations arising from the latter effect can be taken into 
account as shown in [DJ. 
1This is like producing a black box which is transparent. 
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The constrained fit method was used to search for pair-produced hypothetical particles 
in zo decays. The obtained 95% confidence limit on the cross section of these particles was 
shown to be nearly model independent. In the MSSM scheme these limits could be used to 
put a limit on the mass of the lightest neutral scalar boson of 29 Ge V / c2 . The last limit was 
however shown to be severly afflicted by the radiative corrections to the model. 
In the hA search there are still details which can be improved. If we wish to include 
the computed one-loop corrections to the MSSM model we must put limits on all the possible 
decay modes of the Higgs bosons. 
The measurement of the mass of the charged vector boson will become an important 
issue when LEP increases the collision energy above the w+w- threshold. Preliminary 
analyses suggest that the mass resolution that can be obtained with the direct measurement of 
Mw using the constrained fit method might be superior to the measurement which determines 
Mw by the threshold behavior of the cross section. In any case, analysis of the w+w- events 
will show how well the method works on real data compared to studies of simulated Monte 
Carlo events. 
Appendix A 
In this appendix we give a summary of all the relevant information for the three different 
analyses [A-CJ. 
A.1 Event selection 
In all the analyses only hadronic events where all the tracking detectors and electromag-
netic calorimeters were operational with more than 90% efficiency were used. The forward 
electromagnetic calorimeter was only used in analysis [BJ. 
[A] 1989 data was used giving a sample of 4600 hadronic events. 
[BJ The first part of 1990 data was used giving a sample of 30800 hadronic events. 
[C] All of 1990 data was used giving a sample of 96350 hadronic events. 
A.2 Data analysis 
The cuts on the particles were chosen as: 
[A] Charged particles were required to fulfill: p > 0.2 GeV /c, I cos(O)I <0.85, and ~ < ~~~· 
Electromagnetic clusters were required to fulfill: E > 0.2 GeV and I cos(O)I <0.75. 
[B] Charged particles were required to fulfill: p > 0.1 GeV /c, 20° < 0 <160°, and~< ~~~· 
Electromagnetic clusters were required to fulfill: E > 0.1 GeV and 20° < e <160°. 
[C] Charged particles were required to fulfill: p > 0.1 GeV /c, I cos(O)I <0.93, and ~ < 1. 
. p 
Electromagnetic clusters were required to fulfill: I cos( B)I <0.8. 
In all analyses noisy channels were removed in the electromagnetic calorimeters. 
A.3 Cuts 
The cuts to remove QCD background and ensure good mass reconstruction were chosen as: 
[A] The event axis was forced to be central I cos Bl < 0.6. The scaling coefficients fulfilled: 
0.5 < Cj < 2.5. 
[BJ x2 /NDF<40/4 in the constrained fit. The search was divided into two areas: Mh < 25 
GeV/c2 (a), and Mh > 25 GeV/c2 (b). Di-jet mass Mij > 9(15) GeV/c2 and di-jet 
opening angle Oij > 0.5(1.0) radians for all i,j in areas a(b). 
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[C] x2 /NDF<20/4 in the constrained fit. 
The cut to remove QCD background was: Bffn x Et;Un < 9 Ge V radians. 
Finally, the number of particles in each jet was required to be at least four. 
A.4 Window sizes 
In [A,B] the search was performed in windows in the (ML, Ms) plane, while [CJ used the 
plane (ML+ Ms, ML - Ms). In all analyses the background was estimated from data itself 
in a larger window. The effect of parts of the windows being outside the allowed region was 
corrected for. 
[A] The search window was 4x4 (GeV /c2 ) 2 and the background window was 20x20 (GeV /c2 ) 2 • 
[B] When Mh < 25 the search window was 3x3 (GeV /c2 ) 2 , above it was 4x4 (GeV /c2 ) 2 • 
The background window was 20x20 (GeV/c2 ) 2 • 
[C] The search window depended on ML + Ms in order to include the kinematical effects 
described in chapter 3 and [DJ. In ML+ Ms it was 6\/'2(1-0.8 x exp(-0.06(Mz- (ML+ 
Ms))) GeV /c2 and in ML - Ms it was 6\/'2/(1 - 0.8 x exp(-0.06(Mz - (ML+ Ms))) 
GeV/c2 • This corresponds to an area of 36 (GeV/c2 ) 2 in the (ML, Ms) plane. The 
background was estimated from a window which was twice as large in ML + Ms. 
A.5 Efficiencies 
The efficiencies were calculated from the signal Monte Carlo. In searches [A,B] we had only 
equal mass events. In [A,B] the efficiencies were not directly corrected for the combinatorial 
background, a procedure which was performed later in each analysis. Here we give the 
corrected efficiencies. 
[A] Mh = MA = 15 GeV /c2 : 29±4%. Mh = MA = 20 GeV /c2 : 21±3%. Mh = MA = 25 
GeV /c2 : 24±3%. Mh = MA = 30 GeV /c2 : 18±3%. Mh =MA = 35 GeV /c2 : 14±3%. 
[B] For Mh < 25 GeV /c2 the efficiency was above 31%, and 24% when Mh > 25 GeV /c2 • 
[C] Mh = 25 GeV /c2 , MA = 40 GeV /c2 : 20.2±1.4%. Mh = 30 GeV /c2 , MA = 35 GeV /c2 : 
22.2±1.5%. Mh = 30 GeV /c2 , MA= 45 GeV /c2 : 13.0±1.1%. Mh = 35 GeV /c2 , MA= 
40 GeV /c2 : 20.8±1.4%. Mh = 35 GeV /c2 , MA = 50 GeV /c2 : 12.2±1.1%. Mh = 40 
GeV /c2 , MA= 45 GeV /c2 : 16.5±1.3%. 
Finally, in [A,CJ, the efficiencies were linearly interpolated in the relevant plane with x2s 
consistent with the number of degrees of freedom. In [CJ we checked that the efficiency in 
equal mass events was indeed consistent with the extrapolated values. In [B] it was taken as 
the smallest obtained efficiency. 
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The pair production of the lightest scalar Higgs boson, h, and a pseudoscalar Higgs boson, A, was searched for in a data sample 
containing I 0 000 hadronic z0 decays. The search involved both leptonic and purely hadronic decay channels of each Higgs 
boson. No signal was found, and limits on the Higgs boson masses, in the framework of the minimal supersymmetric extension of 
the standard model, ar reported up to 35 GeV /c 2 at 95% CL. for both tan P> I and tan P< I, where tan pis the ratio of the vacuum 
expectation values of the two Higgs doublets. 
I. Introduction existence of extra Higgs isospin doublets or singlets 
which could give rise to physical charged or neutral 
Higgs bosons [ 1,2]. Direct searches for the standard 
model Higgs particle [ 3] and for charged scalars [ 4] 
have been recently performed by our collaboration. 
As often emphasized, LEP offers a unique oppor-
tunity to test experimentally the existence of the Higgs 
sector. The standard model predicts at least one neu-
tral scalar of unknown mass but does not forbid the 
278 
Supersymmetry offers a good motivation to search 
Volume 245, number 2 PHYSICS LETTERS B 9 August 1990 
for such objects, since this model needs at least two 
neutral scalars h and H, one pseudoscalar A and a 
pair of charged scalars H:;:. In the frame of what is 
usually referred to as the minimal supersymmetric 
extension of the standard model ( MSSM) [ 2], cou-
plings and even masses are highly constrained. The 
lightest particle is h with mh < mz. All masses and 
couplings can be expressed in terms of mh and of the 
angle [J. tan fJ being the ratio of vacuum expectations 
generated in the two doublet model. In particular a, 
the mixing angle between the two neutral scalars, is 
determined and in the mass range under considera-
tion, is approximately equal to - [J. Conversely, once 
mh and mA are fixed, there exist two complementary 
determinations of [J, {31 and {32 with tan /J1 =cot {32• 
The two Higgs bosons h and A can be produced in 
association. with the partial width in this model: 
where}. is the phase space factor: 
),= [ ( 1-x~ -x;.)2-4x~xi] 112 , 
xh =mh/mz, xA =mA/mz 
and where 
2( [J)- m~(m~ -mo cos a - - , , , 2 , mA(mz. +mA -2mh) 
with r vV the partial width for the pair production of 
one neutrino species. 
When mA - mh, one has cos2 (a- {J) - I and the 
production rate is maximal. This situation occurs 
when tan fJ differs from 1. For instance, cos2 (a- fJ) 
-0.5 corresponds to tan[J:::.2.5 (or tan[J:::.0.4), in 
which case one has mh:::. 0. 7 mA. 
The Bjorken process Z--+hZ* also occurs in the 
model but is suppressed by a factor sin2 (a - {J) com-
pared to the standard model prediction. If tan fJ turns 
out to be close to l, this process has the most favora-
ble yield and one recovers the standard picture. 
For masses below the charm-anticharm threshold, 
the most interesting decay modes are those involving 
two charged particles in the final state. The predicted 
partial width into the µ + µ - channel is well known 
but large uncertainties prevail on the n+n- final state 
[ 5]. Therefore a phenomenological approach was 
used. looking at all possible exclusive channels below 
2 Ge VI c2 and using the LUND prediction for the de-
cay of higher mass gluon-gluon and ss states. Pre-
vious searches have already been performed in this 
mass range, in the decays of n, K, B and r ( IS) par-
ticles [ 5]. Although no signal was observed, the de-
rived limits are model dependent and cannot com-
pletely exclude the presence of a Higgs boson in this 
mass range. On the contrary, the present search is free, 
within the MSSM, from all the theoretical uncertain-
ties concerning the Higgs boson production rate. 
For masses above the charm-anticharm threshold, 
the scalar and pseudoscalar Higgs particles will decay 
preferentially into tt, cc and bb with branching ratios 
given. [I] in terms of the fermion masses and of the 
mixing angles a and [J. One has: 
for h 
BR(h--+tt: bb) 
=I :2.1 (cot a cot[J) 2 : 19/J6, 
for A 
BR(A--+rt: cc: bb) 
= 1 :2.1(cot{J) 4 :19/J6, 
where [Jb is the velocity of the b quark in the Higgs 
boson rest frame. 
In case tan /J> 1. cc is suppressed and tt will dom-
inate h and A decays below the bb threshold. Above 
this threshold, the tt branching fraction is about 6% 
for both Higgs bosons. In contrast, if tan fJ < 1, had-
ronic modes are predominant in the whole mass 
range. 
QCD corrections become very large only in a nar-
row mass region, very close to the bb threshold. Re-
cently [ 6], the effect has been computed both for h 
and A with the conclusion that A is the most affected. 
If tan fJ:::. I, the effect is confined in the mass range 
9<mA < 11 Gev/c2 . 
From the previous discussion, there are two com-
plementary approaches to search for neutral Higgs 
bosons. When tan fJ:::. 1, the standard process z_. hZ* 
is optimum and results from our search for the stan-
dard model Higgs boson [ 3] can be directly applied. 
If tan fJ differs from 1. z_. hA becomes more appro-
priate if mh + m.., < mz. In case tan /J> 1, as favoured 
by theory [ 1,2]. tagging of heavy Higgs particles is 
possible through the tt final state. This is no more 
possible when tan fJ < I. a challenging case since the 
mode hA has to be searched for in purely hadronic 
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final states, containing charmed quark jets. 
This paper combines several experimental tech-
niques in an attempt to cover the various scenarios 
mentioned above. The analysis is based on data col-
lected by the DELPHI detector, during the energy 
scan of the z0 performed at LEP at the end of 1989. 
2. Detector 
A detailed description of the DELPHI detector, of 
the trigger conditions and of the analysis chain can 
be found in ref. [ 7]. Here, only the specific proper-
ties relevant to the following analysis are summarized. 
The charged particle tracks are measured in the 1.2 
· Tesla magnetic field by a set of three cylindrical 
tracking detectors: the inner detector (ID) covers ra-
dii 12 to 28 cm, the time projection chamber (TPC) 
from 30 to 122 cm, and the outer detector (OD) be-
tween 197 and 206 cm. The end-caps are covered by 
the forward chambers A and B, at polar angles I 0° to 
36 ° on each side. A layer of time-of-flight (TOF) 
counters is installed for triggering purposes around 
the cryostat containing the superconducting solenoid. 
The present analysis relies primarily on charged 
particle tracks reconstructed using the TPC, comple-
mented by the ID and OD detectors. This system re-
constructs 98% of the charged particles down to polar 
angles of 30°. In some small azimuthal regions which 
correspond to the six boundaries ofTPC sectors, this 
efficiency drops for energetic (p > 4 Ge V / c) parti-
cles. The momentum resolution varies from llp / p = 
2· 10- 3 Xp ( GeV /c) for tracks measured in the TPC 
only. 
The electromagnetic energy is measured in the high 
density projection chamber (HPC) and by the for-
ward electromagnetic calorimeters ( FEMC) in the 
end caps. The HPC is a high granularity lead gas cal-
orimeter covering polar angles 40° to 140°. For fast 
triggering, a layer of scintillation counters is installed 
after the first 5 radiation lengths oflead. The FEMC 
consists of 2 x 4500 lead glass blocks (granularity 
1 X 1 degree). covering polar angles from 10 ° to 36 ° 
on each side. 
The trigger is based on the ID and OD coinci-
dences, on the HPC and TOF counters, and on the 
forward detectors. The track trigger is formed using 
opposite quadrants of the OD in coincidence with the 
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ID trigger layer. The counter trigger uses half length 
quadrants of TOF counters sensitive to penetrating 
particles, and HPC counters sensitive to electromag-
netic showers with an energy greater than 2 GeV, ar-
ranged in various sets of back-to-back and majority 
logics. The forward trigger is made from the same-
side chambers A and B coincidences, combined with 
the FEMC signals from both sides in a majority logic. 
The efficiency of these various triggers is measured 
with the zo data, by analysing the recorded trigger 
pattern, and is applied to the simulated data. The 
trigger efficiency in the barrel region thereafter is 
found to be over 99% for all hadronic zo decays and 
four prong final states, and therefore does not play 
any critical role in the following analysis. 
3. Data sample 
Hadronic events were selected as follows: 
- the number of charged particle tracks had to be at 
least five, 
- the angle between the reconstructed thrust axis and 
the beam had to be greater than 37°, i.e. I cos e1<0.8, 
- all the charged particle tracks had to form at least 
two clusters, as defined by the LUND cluster algo-
rithm [ 8], used with default parameters. This cut is 
very efficient to eliminate beam gas events. 
The charged particle tracks were considered if their 
momentum exceeded I 00 Me VI c and if their extrap-
olated distance to the vertex, in the transverse plane 
and along the beam axis was less than respectively 4 
cm and 5 cm. 
The preceding cuts applied to the 1989 data sam-
ple collected around the z0 mass led to the selection 
of9599 hadronic decays. 
Low multiplicity events (two to four charged 
tracks) were selected in the same angular region and 
with the same track selection criteria. 
4. h-A search for tan P> 1 
4.1. rt+ hadrons final state 
Events were searched for in which either the h or 
the A decayed through a 't't pair. Such final states are 
characterized by the presence of two low multiplicity 
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jets, called slim jets hereafter, and one or two normal 
jets depending on the Higgs boson mass. 
Jets were defined as charged particle clusters, re-
constructed by the LUND jet algorithm [ 8], used 
with default parameters. 
When each Higgs boson mass is below - 30 GeV I 
c2, the two slim jets are to be found in the same hem-
isphere, opposite to the hadronic jets. The event is 
thus divided into two hemispheres according to the 
plane perpendicular to the thrust axis. Above this 
mass, the slim jets are still isolated from the hadronic 
jets but the hemispheric separation is lost. 
The selection criteria were thus defined as below: 
( i) Either two slim jets and one or two hadronic 
jets. 
(ii) Or one slim jet and two hadronic jets. 
For case ( i), at least one of the slim jets must con-
tain only one charged particle. Its energy has to be 
above 3 GeV. The other one can contain up to three 
charged particles, to allow for the three prong decay 
modes of the 't lepton and some level of contamina-
tion of a slim jet by a low momentum fragment of a 
hadronic jet. When a slim jet contains more than one 
particle, its mass is required to be below 2 GeV /c 2, 
and the two slim jets are required to be in the same 
hemisphere and their combined energy to exceed 90% 
of the hemisphere energy. 
Case (ii) is relevant in two different domains: 
(a) When one Higgs boson mass is sufficiently large 
so that one of the slim jets is buried in one hadronic 
jet. The analysis is quite similar to the one used in 
the charged Higgs search and described in detail in 
ref. [ 4]. Requiring the angle between the two had-
ronic jets to be below 90° removes the background 
from normal hadronic decays. 
(b) When one Higgs boson mass is sufficiently low 
so that the two leptonic jets are merged into a single 
slim jet. In this case the slim jet is required to consist 
of two particles of energy higher than 1 GeV, of op-
posite charge and forming a jet with a mass above 2 
GeV /c 2• Futhermore. the slim jet must contain all the 
energy of its hemisphere. 
The efficiencies for these selection criteria were 
computed by a Monte Carlo program using a hA gen-
erator based on LUND Jetset 6.3 for subsequent had-
ronisation. Gluon radiation was generated when the 
Higgs decayed into a qq pair. Each Higgs could decay 
either into a bb pair or to a 'tt, with the appropriate 
branching ratios for the h and the A. These efficien-
cies are displayed in table I for different masses of 
the Higgs bosons. The total efficiency is reasonably 
constant in the whole domain with a mean value of 
33%. 
The preceding cuts were then applied to the data 
sample. Fig. 1 refers to case ( i) and shows the distri-
bution of the sum of the hemisphere energy fractions 
carried by the two slim jets. The dashed area is the 
Monte Carlo prediction of a Higgs signal, which 
would give a prominent peak around 1. No candidate 
remains with an energy fraction above 90%. Fig. 2 
refers to case ( iib) and shows the mass distribution 
for events containing a jet made of a pair of oppo-
sitely charged particles, hemispherically isolated. Here 
also, the Higgs and the observed distribution differ 
significantly and no event passes the cuts with a jet 
mass above 2 GeV /c 2• 
In summary, no candidate was found in any of the 
selected topologies. From a Monte Carlo study, the 
expected number of background events is 0.6 ± 0.3. 
Limits can therefore be set at the 95% confidence level 
in the mh-mA plane (fig. 3a). 
For each point in the plane, the h-A partial width 
and the h and A branching ratios into 'tt are com-
puted as given in the introduction. The efficiency is 
interpolated from the numbers displayed in table 1. 
The obtained 95% CL contour sets limits at the level 
of 35 GeV /c 2 except for large A masses and low h 
mass. However, this domain can be covered by look-
ing at the reaction zo-+ hZ*, where the limits ob-
tained in the search [ 3] for the standard model Higgs 
can be used. This negative search leads to the exclu-
sion contour plotted as dashed line in fig. 3a. The 
combined exclusion contour is such that Higgs bo-
sons with masses up to 35 GeV I c2 are thus excluded 
at a confidence level of95%. 
4.2. Four charged particles.final state 
This final state is relevant when both Higgs boson 
masses are below the bb threshold i.e. 10 GeV /c 2. A 
large part of this domain is already excluded by the 
Z0 -+ hZ* search (fig. 3a). In the remaining domain. 
the production rate is large and would yield around 
500 Higgs boson pairs. 
In this region, two prong decays from the 'tt chan-
nel become dominant below the charm threshold for 
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Table I 
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Fig. I. z, + z2 distribution, where z, is the energy carried by each 
slim jet divided by the total energy found in the hemisphere in 
which the slim jet was observed. One slim jet must contain only 
one charged particle track and the other two or three. The data 
are presented by the solid histogram, while the expected signal 
corresponding to h-A production, when both Higgs bosons have 
a 20 GeV /c 2 mass, is represented by the hatched area. 
tan P < 1 and up to the beauty threshold for tan P> 1. 
Since only low masses are involved, events contain-
ing four charged particles, with two tracks in each 
hemisphere were searched for. After requiring a zero 
total charge for the event, only one event is left. The 
angle between the beam and the thrust axis is found 
to be smaller than 40° and the ratio between the mo-
menta of the two tracks found in the same hemi-
sphere is found to be below 0.1. This event is there-
fore unlikely to be a Higgs candidate since the angular 
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Fig. 2. Invariant mass of a pair of opposite charged particles re-
coiling against two hadronic jets. The data are represented by the 
full line, the expectation from udscb events by the dashed line. 
The hatched area corresponds to the signal that would be pro-
duced by a pair of 20 Ge V / c2 Higgs bosons. 
tional to sin 20 and hence dominant in the barrel re-
gion, and the energy of the two tracks coming from a 
Higgs decay should be well balanced. The predicted 
branching fraction of a Higgs boson into a pair of 
charged particles is well known from 210 MeV/c 2 
(the µ + µ - threshold) to 300 MeV / c2 (the 7t+7t-
threshold) and, for tan P> l, between 4 and l 0 Ge VI 
c2, when the -ct channel is dominant. Between 300 
MeV /c 2 and 4 GeV /c 2, the gluon-gluon channel 
plays an important role [ 9], and especially until 
around 2 GeV /c 2 • In this region between 300 MeV I 
c2 and 2 GeV /c2, the relative abundance of all the 





















Fig. 3. Exclusion contours obtained for tan /J> l. (a) The solid 
line corresponds to the region excluded by the rt analysis and the 
dashed line corresponds to the region excluded by the hZ* search. 
The hatched contour gives the combined exclusion limit. (b) Ex-
clusion contour in the low mass region. The dashed curves are 
reproduced from (a). The dash-dotted curve corresponds to the 
four prong analysis. The hatched contour gives the combined ex-
clusion limit. 
allowed exclusive channels was computed using the 
isospin conservation rule which applies in the case of 
a strong decay mediated by two gluons. The pseudo-
scalar Higgs boson A decays are found to be domi-
nated in this mass range by the µ + µ - channel since 
the two or three pion decays are not allowed. In this 
region a conservative branching fraction of 45% into 
two prongs is used, in good agreement with other 
similar studies [ 10]. Above 2 GeV /c 2, the LUND 
6.3 prediction was used for the gluon-gluon and the 
ss channels and yielded comparable two prong 
branching fractions in both channels decreasing from 
45%at2GeV/c2 to l5%at4GeV/c 2. 
For Higgs boson mass below 500 MeV /c 2, the two 
decay particles are emitted very close to each other 
and are likely to be merged in a single track by the 
reconstruction program. Using the deposited ionisa-
tion in the TPC, it was checked that no single track 
in two prong events gave an ionization compatible 
with twice the deposition of a minimum ionizing 
particle. 
The 95% CL contour deduced from the four prong 
analysis is reported in fig. 3b, together with the limits 
obtained with the low mass standard model Higgs 
search ( 3]. The excluded domain completely covers 
the Higgs boson mass range, from 210 Me VI c 2 to the 
beauty threshold. 
5. h-A search for tan p < 1 
In this domain. the two Higgs bosons dominantly 
decay into a cc pair. The final state looked for is thus 
formed by four charmed jets. Two approaches have 
been used to search for such events: the first one is 
based upon charm tagging, while the second relies on 
the four jet topology. 
5.1. Charm tagging 
The charm tagging method relies on the peculiar 
kinematic properties of the decay D.+ ->7t+D0 . The 
low Q value of this decay forces the 7t + to be aligned 
with the D* line of flight and, therefore, the p1 distri-
bution of this low momentum pion has a mean value 
of 30 MeV /c, instead of the universal 300 MeV /c, 
where p, is the transverse momentum with respect to 
the jet axis. Furthermore, the pion momentum is an 
almost constant fraction ( 7%) of the D* momentum 
and is therefore around 4% of the jet momentum. This 
method was pioneered by the HRS group [ 11 ] at PEP 
and has been shown [ 12] to be applicable to multi-
jet events produced at the z0• 
The shaded histogram in fig. 4a shows the p~ dis-
tribution obtained from a Z 0 ->hA simulated sample, 
where both Higgs have a 20 GeV /c 2 mass and decay 
to cc. Only events where four jets were reconstructed, 
using the LUND cluster algorithm [ 8], were re-
tained. The transverse momentum was then com-
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Fig. 4. pf distribution of charged particle tracks relative to their 
jet axis. (a) The dashed histogram is obtained by the simulation 
ofa pair of 20 GeV /c 2 Higgs bosons decaying into cc pairs. using 
four jet events. The solid histogram is the corresponding distri-
bution in our data sample. The solid line is the fit to this distri-
bution obtained using two exponential functions of pf. (b) Dis-
tribution obtained on two and three jet events. The points 
correspond to the real data, the light-shaded histogram to the 
udscb Monte Carlo prediction and the dark-shaded histogram to 
the cc contribution only. The solid line is the fit obtained using 
two exponential functions as in (a). 
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puted for each track with respect to the jet axis ob-
tained using all the other tracks found in the same jet. 
In this way, the possible bias towards low p, that could 
have been induced by including the track itself in the 
jet axis computation was removed. Only tracks with 
a momentum between 5% and 10% of the visible jet 
energy were considered. The resulting efficiency for 
h-A events using the charm tagging method is 
(23 ± 3 )%. The solid histogram in fig. 4a shows the 
p~ distribution obtained in the data sample. No sig-
nal was found and an upper limit of 30 D* candidates 
can be set at the 95% confidence level. using a fit to 
these data with two exponentials indicated by the 
sofid line. 
The efficiency of this method is almost mass inde-
pendent and leads to the exclusion contour A in fig. 
5. To gain complete confidence in this result, the same 
method was used to search for the normal charm-
anticharm decays of the z0 . A clear D* peak was ob-
tained containing 102 ± 27 events is displayed on fig. 
4b. Both the slope of the signal and its yield are in 
good agreement with standard model expectations 
(light-shaded histogram). The dark-shaded histo-
gram represents the cc contribution with the charac-
teristic peak due the D* meson. It is interesting to 
note that the D* tagging efficiency obtained by this 
DELPHI 
30 ~ tg ~·1 
10 20 30 40 so 
MA IGtV/c2l 
Fig. 5. Exclusion contours obtained for tan fl< 1. The labelled 
contours are obtained with the following analyses: Contour A: 
inclusive D* tagging. Contour B: four jet final state (using the 
method of ref. [ 4]. Contour C: four jet final state. Contour D: 
Thrust analysis. Contour E: hZ* production. Contour F: four 
prongs final state. Contour G: Tracks at large angle from the thrust 
axis. The hatched contour corresponds to the combined excluded 
region. 
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method is, as expected, five times larger than the one 
obtained by full exclusive reconstruction of the 
charmed meson, using the decay chain o..+-> 
n+ + D0 --n+ + K-n+. 
5.2. Four jet topology 
The four jet method described in detail in our H ± 
search [ 4) can be applied here when the two Higgs 
bosons have comparable masses. To start with, only 
mass differences between the two Higgs bosons up to 
6 Ge V / c2 were considered, since the production cross 
section falls off rapidly when these two masses be-
come very different from each other. This leads to 
the exclusion contour Bin fig. 5. 
In a second search, also based on hadronic four jet 
final states, the requirement of comparable masses for 
the two Higgs bosons was relaxed. The method relies 
on constructing the invariant masses of all pairs of 
jets in each four jet event, exploiting energy and mo-
mentum conservation constraints to improve the 
mass resolution for the jet pair masses. The associ-
ated production of the Higgs bosons was then 
searched for as a peak in the Dalitz plot of jet pair 
mass versus jet pair mass. 
In the analysis, both charged particle tracks and 
calorimeter information from the HPC were used. 
The resulting subset of the data contains 4600 had-
ronic events. 
For the clusters recorded in the electromagnetic 
calorimeter, the energy was required to be larger than 
0.2 GeV. 
In addition, the sphericity axis of the event was re-
quired to fulfill I cos 81 < 0.6. This cut enhances the 
signal to background ratio for the expected signal, as 
the angular distribution of the Higgs bosons is pro-
portional to sin28. A four jet reconstruction method 
was applied which maximises the four-thrust [ 13] (a 
generalized form of the standard thrust). 
Given the four reconstructed jets, energy and mo-
mentum conservation constraints for the full event 
were then used to compute rescaling coefficients for 
the momenta of the jets. It was assumed that the di-
rections of the jet axes were correctly measured. The 
coefficients determined in this way were generally of 
the order one, otherwise the event did not fit well the 
hypothesis of four jets, or these were nearly coplanar. 
A cut in the rescaling coefficients c1, 0.5 < c1 < 2.5, was 
applied. 
Finally, the three pairs of jet-jet masses were cal-
culated for each event, and for each pair, the smallest 
di-jet mass, M., was plotted versus the largest, M 2• 
The quality of the reconstruction of the jet-jet 
masses can be judged from fig. 6a, which shows the 
result of applying the four jet reconstruction and re-
scaling to simulated Z0 ->hA--cccc events, where 
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Fig. 6. Dalitz plot of the smallest M,, and the largest Me invariant 
jet-jet masses for four jet final states. (a) From the simulation 
of the production of a pair of 20 GeV /c 2 Higgs bosons. (b) For 
the data. 
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mh = mA = 20 GeV /c 2• A clear peak is observed at av-
erage masses M,;:::::19 GeV/c 2, Me;::,:20.5 GeV/c 2, 
with a resolution of less than 2 GeV I c2• The differ-
ence in the mean values of M, and Me is due to the 
ordering of the masses. The wrong mass combina-
tions are seen to contribute to a broad band of entries 
at large values of Me. The statistics in the plot has 
been chosen to correspond to the expected number 
of events in a sample of hadronic z0 decays of the 
present size. 
The data (fig. 6b) clearly show no prominent peaks 
of the size of the simulated signal, apart from the 
. structures at values of M, around 10 GeV /c 2• These 
are due to artificially split two jet events and are well 
reproduced by a Monte Carlo simulation of standard 
qq events. The data sample itself is used to derive 
limits for the associated production of two Higgs bo-
sons. The mass resolution and reconstruction effi-
ciency for the hypothetical signal has been evaluated 
at mh=mA, with values ranging from 10 GeV /c 2 to 
40 GeV /c 2• For mh of:. mA, the minimum of the detec-
tion efficiencies evaluated at the two mass values was 
conservatively used. Since the expected signal had a 
much narrower distribution than the observed vari-
ations in the density over the Dalitz plot, limits were 
derived for the maximum possible signal in the data 
at a nominal set of mh, mA values by subtracting a 
QCD background evaluated in a large region ( 20 X 20 
GeV2/c4) around (mh, mA). 
The resulting contour corresponding to mh, mA 
values that can be excluded at 95% CL is show as C 
in fig. 5. 
When the Higgs boson mass increases, the jet re-
construction methods become less efficient. How-
ever, for a mass above 35 GeV / c2, the events become 
so spherical that a thrust cut becomes powerful. The 
95% CL limit can therefore be slightly extended 
(contour D) in the large mass domain, by requiring 
a thrust less than 0. 7 5. 
5. 3. Low mass search 
The exclusion limit obtained from the standard 
model Higgs search [ 3] applies also the case tan fl< 1 
exactly in the same manner as in the case tan /J> 1 
and is represented by the contour E in fig. 5. For the 
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Fig. 7. (a) Distribution of the number of charged particles with 
momentum below 2 GeV /c observed at more than 40° from the 
thrust axis. The points represent the data, the dotted histogram 
the udscb prediction and the hatched area would correspond to 
the production of a pair of 10 GeY /c 2 Higgs bosons decaying 
into a a cc pair. (b) Angular distribution with respect to the beam 
axis of the thrust axis, for the two jet events containing no tracks 
emitted at large angle of the thrust axis. The points show the data, 
the dashed histogram the udscb prediction, and the shaded his-
togram the contribution ofa pair of 10 GeV /c 2 Higgs bosons de-
caying into a cc pair. 
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is valid only below the charm threshold and corre-
sponds to the contour F. 
Above the charm threshold, a method based on the 
difference in the fragmentation process between a hA 
event and a qq event was used. In the former, no col-
oured string is stretched between the two Higgs bo-
sons, whilst in the latter, such a string has been ob-
served through its breaking, which leads to the 
production of low momenta particles at large angles 
with respect to the thrust axis. Therefore the multi-
plicity distribution of charged particles with momen-
tum below 1 GeV /c, emitted at more than 40° from 
the thrust axis was studied (fig. 7a). A good agree-
ment is observed between the data points and the 
udscb Monte Carlo prediction (dashed histogram), 
while Higgs production (shaded histogram) would 
lead to a strong enhancement in the first bin which is 
not observed. The Monte Carlo prediction based on 
the Lund 6.3 parton model describes the data cor-
rectly, giving support to the string fragmentation 
model on which it is based. The general characteris-
tics such as multiplicity, total energy, thrust of the 
events with no particles emitted at large angle are also 
in good agreement with the udscb prediction. Fig. 7b 
shows the angular distribution of the thrust axis of 
these events. Background events from qq sources 
should follow a I + cos28 distribution while events 
coming from Higgs production should follow a sin28 
dependence. Good agreement is observed between the 
data points and the udscb prediction (dashed histo-
gram), while the contribution from a pair of I 0 Ge VI 
c2 Higgs bosons represented by the shadowed area is 
not observed. From these results, the 95% CL exclu-
sion contour Gin fig .. 5 was derived. These limits were 
checked to be quite insensitive to both the angular 
and momentum cuts used in this analysis. A 20% sys-
tematic error due to the uncertainty concerning the 
Higgs fragmentation process was taken into account. 
6. Conclusion 
Neutral Higgs boson pair production was searched 
in z0 decays using a large variety of possible final 
states and negative results are obtained. Limits are 
given in the framework of the minimal supersym-
metric extension of the standard model in terms of 





























Fig. 8. Exclusion contours in the plane ( mh-tan p). The hatched 
contour corresponds to the excluded region. In the MSSM model, 
the allowed parameters values are those to the left of the dashed 
line I I ) . Contour 1: Combined limit obtained in section 3. Con-
tour 2: hZ* production from ref. [ 3]. Contour 3: Contour G ob-
tained in section 4.3. Contour 4: Contour A obtained in section 
4.1. Contour 5: Contour D obtained in section 4.2. 
possible cases tan P> I and tan fJ < I. They are sum-
marized in fig. 8 where the 95% CL excluded region 
is shown in the plane ( mh-tan [J), using our best lim-
its from the various analyses presented in this paper. 
This is the first time that such high mass limits are 
reported [ 14] in the case tan fJ < I. Higgs bosons are 
excluded from 210 Me V / c2 up to 35 Ge V / c2 in a large 
domain of the parameters. Since these searches cover 
a wide variety of possible final states, ( tt, cc, four jet 
events), the results are still constraining outside the 
MSSM models, although precise mass limits would 
have to be derived in each specific case. 
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Abstract 
The results of a search for Higgs bosons using the DELPHI detector are 
reported. In the minimal standard model (MSM) the possibility of a very 
light Higgs, with mass below the muon-pair threshold, is now excluded by the 
DELPHI results at the 95% confidence level. The high mass limit has also been 
considerably improved and it is found that mHo > 34 GeV /c2at the 95% CL. 
The search for pair-produced neutral or charged Higgs bosons gave negative 
results and improved upper limits are reported. For charged Higgs bosons, the 
limit varies from 43 GeV /c2 to 37 Gev/c2 as a function of Br(H± ~hadrons). 
In the framework of the Minimal Supersymmetric extension of the Standard 
Model (MSSM), the lightest neutral Higgs boson is found to have a mass 
greater than 28 Ge V / c2 for all values of the parameter tan,8. 
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INTRODUCTION 
The number of hadronic Z 0 decays recorded by the DELPHI detector is about 
13,000 in 1989 and about 83,000 in 1990, up to mid July. In the searches described below 
samples of up to 70,000 events are used. Therefore, previously published results on Higgs 
boson production [1,2,3] which were based on the 1989 data sample are considerably 
improved. A description of the detector and data reduction procedure can be found 
in reference [4]. The different searches are based upon specific criteria such as isolated 
leptons or acollinearity to reduce the background from conventional physics by a factor 
of about 104 or better. 
MINIMAL STANDARD MODEL 
NEUTRAL HIGGS BOSON 
In the Standard Model (MSM), there is one Higgs doublet which, after spontaneous 
symmetry breaking, leads to one physical neutral Higgs boson H 0 • The H 0 mass mH 
is unspecified. The decay modes depend on the mass and, for the mass range studied 
here, the decay is primarily to the heaviest kinematically allowed fermion-antifermion 
pair, H 0 -+ ff. The production is by the Bjorken process e+ e- -+ H 0 Z*, with the 
off-mass shell Z 0 decaying in the usual way. 
Details of the search using the 1989 data can be found in reference [1]. The 
mass range 210 MeV :S mH :S 14 GeV /c2 was excluded (953 CL). A considerable 
improvement in the high mass lower limit has been made from a study of the channels 
e+e--+ H 0 Z* with Z*-+ e+e-, µ+µ-and vi/. For the charged leptonic channels a 
search was made for 2 high energy leptons (at least one with energy above 10 Ge V), 
well isolated from the decay products of the Higgs (isolation angle a > 25° for nch > 8, 
where nch is the charged track multiplicity, and a > 15° for 6 :S nch :S 8). One e+ e-H 0 
and no µ+ µ- H 0 candidates remain after the cuts. The e+ e- candidate has a missing 
mass of about 55 Ge V / c2 , and is outside the current range of sensitivity. For the channel 
vvH 0 the topology searched for was that of two misaligned jets, with a cut of cos e of 
0.8 in both the acoplanarity and acollinearity angles, where the acoplanarity is defined 
as the acollinearity in the plane transverse to the beam. To reject possible background 
from 11 events, the energy in the small angle tagger is required to be below 8 Ge V. 
Careful examination of the ten remaining events shows that they are all compatible 
with the final state qq/ (ie radiation of a hard photon(s) in e+e- -+ qq), where the 
photon is not fully reconstructed.Thus no candidates remain in any of these channels. 
The efficiency of the cuts applied in retaining the H 0 signal was estimated by Monte 
Carlo to be in the range 40-603, depending on mH. Fig.1 shows the expected number 
of events in the different channels as a function of mH. 
A new search was performed for a very light Higgs boson, below the µµ threshold 
[sJ. In this domain, the Higgs boson would have a long lifetime and a long mean decay 
length (typically 400 cm for mH = 50 MeV). The search was conducted in two parts: 
a) 0 :S mH ;;::; 60 MeV. In this range there is a large probability that the H 0 -+ eeor11 
decay is outside the detector. The topology searched for was an acoplanar (> 5°) 
lepton-pair ( l = e or µ) and nothing else (ie, electromagnetic energy < 2 Ge V and no 
hadron calorimeter activity). The main potential background comes from radiative 
lepton pairs. 
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b) 60 ;S; mH:::; 210 MeV. In this range the n° -+ ee decay would frequently be inside 
the fiducial region of the tracking chambers. A search was made for an isolated V 0 
with a lepton pair for the n°e+e- (f. = e, µor T) channels. The V 0 search algorithm 
was successfully tested by finding K 0 and A 0 decays in normal hadronic events. 
There were no candidates remaining after cuts in either a) or b ), and combining 
these two searches excludes a light Higgs in the range zero to 210 MeV at the 953 
confidence level. 
Taking into account the exclusion of a low mass Higgs the limit from the DELPHI 
experiment is 
mH > 34 GeV /c2 at 953 confidence level. 
SEARCH FOR NEUTRAL HIGGS BOSONS IN MSSM 
In the minimal supersymmetric extension to the standard model (MSSM) there are 
two Higgs doublets which give rise to 5 physical Higgs bosons ( n+, n-, h 0 , H 0 , A 0 ). 
There are two CP-even scalars h 0 and n° which mix with an angle a and one CP-odd 
pseudoscalar A 0 • The model has two independant parameters, which can be chosen to 
be mh (the mass of the lightest scalar) and tan ,8 = v2/ v1, where v2 and v1 are the 
vacuum expectation values of the Higgs fields, which couple only to down-type quarks 
and leptons, and to u-type quarks and leptons, respectively. The masses are constrained 
such that the lightest neutral satisfies mh :::; mzl cos 2,Bj. 
The production of neutral Higgs occurs through the two processes 
i) e+e--+ Z 0 -+ h 0 A 0 u'""' 0.5cos2 (,8 - a)uvv 
ii) e+e- -+ zo -+ h 0 Z* (T rv sin2 (,8 - a)usM 
, where crsM is the Standard Model cross section for Higgs boson production. 
These two reactions are thus complementary in the search. Note that cos2 (,8 - a) ~ 
m~/m~ and also that in the limit tan,8 -+ 1 the model is equivalent to the minimal 
standard model. The decay modes of interest are to those heavy ff pairs which are 
kinematically allowed. The branching fractions depend strongly on ,8 (and a): 
Br(h-+ TT : cc: bb) = 1 : 2.1( cota.cot,8)2 : 19,Bl, 
Br(A-+ TT: cc: bb) = 1: 2.l(cot,8)4 : 19,Bl, 
where .Bb is the b-quark velocity in the Higgs rest frame. Since in the mass range under 
consideration, a~ -,8, the decay fractions for h0 and A 0 are roughly similar. Thus for 
tan,8 > 1, 7"+7"- and bb dominate. The 7"+7"- mode is still sizeable ( ~ 63) even above 
the bb threshold. For tan,8 < 1 the cc mode dominates. 
The results obtained with the 1989 sample data can be found in reference [2]. The 
new limits for mh as a function of tan ,8 are shown in Fig.2. Different methods, cor-
responding to different decay modes and different topologies, are used in the different 
domains of the plot. Briefly, the methods for the different domains are as follows: 
a) 7"+7"-+hadrons (mainly 7"+7"-bb). The method is to search for two isolated tracks 
(from 7" decays) accompanied by one or two jets. Low multiplicity jets (up to 
three charged tracks) were also included in this search to take into account 3-prong 
decays of the 7". The signal efficiency is~ 153 for mh = mA = 40 GeV/c2 • The 
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953 confidence level contour, taking into account the one candidate which survives 
the cuts, is shown as region a). For mh ~ mA this gives mh > 42 Ge V / c2 • 
b) This contour is obtained directly from the standard model search described above 
and corresponds to mh > 34 GeV /c2 (953 CL) for tan,B close to 1. 
c) This corresponds to the low mass domain where the decays are preferentially to 
pairs ofµ, 7r or K. This is described in detail in reference [2]. 
d) In this intermediate mass region the final state is mainly two hadronic jets. In terms 
of string fragmentation in hA events, unlike normal qq events, there is no coloured 
string connecting the two jets and hence fewer particles are expected at wide angles 
from the jet axis. In our first analysis [2], the limit was obtained by comparing the 
number of events with no tracks away from the jet axis in the data and in a Monte 
Carlo simulation based upon Lund 6.3. To remove the systematic error inherent 
to such a comparison, we take advantage of the difference in angular distribution 
of the jet axis between quark and Higgs production, the latter behaving as sin2 0. 
The corrected thrust angular distribution was thus fitted to 1 +t: cos2 0, as shown 
in Fig.3, from which an upper limit of 153 (953 CL) on a sin2 B component (that 
expected from hA) is obtained, without any Monte Carlo based subtraction of the 
QCD background. 
e) and f) correspond to searches in the 4-jet final state, the first one being based on 
inclusive charm tagging through D*± production, the second on a global shape 
analysis. The charm analysis is now limited by the reaction Z0 -+ ccgg, which also 
produces charmed mesons in four-jet final states. The global shape analysis is now 
superseded by our improved four-jet analysis. Therefore, these curves have not been 
updated from reference [2]. 
g) corresponds to a 4-jet analysis in which energy and momentum constraints are used 
to improve the mass resolution on heavy objects decaying into two hadronic jets. 
The fitting procedure is an improved version of that described in reference [2], with 
an higher efficiency. After the fit the 4-jets are combined to 6 dijets with masses 
Mij and opening angles Bij. Two sets of cuts are applied depending on the value of 
mh. 
For mh < 25 GeV /c2 , Mij > 9GeV /c2 & Bij >0.5 rad. for all i,j. 
For mh > 25 GeV /c2 , Mij > 15GeV /c2 & Bij >1.0 rad. for all i,j. 
Each of the three pairs of dijet masses is entered on a Dalitz plot of smallest versus 
largest dijet masses. Monte Carlo studies show that a signal would result in a spike with 
a width of about 1.5 GeV /c2 • A search is made in 'windows' of (mh, mA), with the 
background computed by extrapolating from the observed distribution averaged over a 
wider window about the point of interest. The limits therefore do not depend on any 
Monte Carlo description of the QCD background. Fig. 4-a shows the smallest di-jet 
mass vs the largest di-jet mass, using the large mass region cut. Apart from a broad 
low mass enhancement due to the low mass cut-off implied by the cuts, no structure 
can be observed, in contrast with the expectation from a 30 Ge V / c2 Higgs boson pair, 
as shown in Fig.4-b, normalized to our experimental sensitivity. The efficiency of the 
method is ~ 273 and, as can be seen from Fig.2, considerably improves the high mass 
limit for tan ,B < 1. Similar results[6] have been obtained by other experiments. 
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CHARGED HIGGS SEARCH 
The coupling to the Zoof charged Higgs bosons is not model dependent and is equal 
to a third of theµ pair coupling times a phase space factor, /3 3 • The charged Higgs boson 
can decay to either a pair of jets, mainly cs, or to TVr· The H+H- pair will therefore 
give rise to 4 jets , 2 prongs, or 2 jets-1 prong final states (for one-prong decays of the 
T lepton that we considered here). The branching fraction into TVr will be treated as a 
free parameter, in order to produce model independent limits. 
The analyses concerning the 2 prong and the 2 jets-1 prong final states described in 
detail in [3] were applied to the 1990 data sample and no positive signal was obtained. 
For the 4-jets case, the pairing of jets previously based on the minimum opening angle 
is no more efficient for the considered mass range (above 30 Ge V / c2 ). It has be been 
replaced in this analysis by combining the jet with the lowest energy with the one with 
the highest energy. The jet energies were corrected for missing neutrals by performing a 
global scaling of the jet 4-momenta, imposing the energy-momentum conservation. The 
selection is then similar to the one described in reference [3], with a final cut based on a 
linear combination of the sphericity, the third Fox-Wolfram [7] moment and the highest 
jet energy. No positive signal was observed in this search. 
The resulting limits for the three different analyses are plotted in Fig.5 in the plane 
mH±-Br(H± ---thadrons). Curve (a), (b) and (c) correspond respectively to the limits 
obtained in the two-prongs final state, the one prong-two jets events, and the four-jets 
events. The solid curve corresponds to the combined limit and decreases slowly from 43 
GeV /c2 to 37 GeV /c2 as a function of Br(H± ---thadrons). Similar results[8] have been 
obtained by other experiments. 
SUMMARY AND CONCLUSIONS 
From the DELPHI experiment the neutral Higgs in the Minimal Standard Model is 
now excluded for the range 
0 :::; m H :::; 34 Ge V / c2 95% CL 
For the Minimal Supersymmetric extension to the Standard Model the upper mass 
limits have been considerably increased and are now 
mh > 42 GeV /c2 
> 32 GeV /c2 
> 28 GeV /c2 
for mh ~ mA, 
for tan/3 > 1, 
for all tan /3, 
all at the 95% CL. 
For charged Higgs bosons, the limits are now 
mH± > 43 GeV /c2 
mH± > 42 GeV /c2 
mH± > 37 GeV /c2 
for Br(H± ---t hadrons)~ 0, 
for Br( n± - hadrons) ~ 0.5, 
for Br(H± ---t hadrons)~ 1, 
4 
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FIGURE CAPTIONS 
Fig.1. Expected number of events for a MSM Higgs as a function of m(H 0 ) for the chan-
nels e + e- --+ H 0 Z * with Z * --+ vv, e + e- and µ + µ-. The solid line corresponds 
to the total number of expected events, computed with an efficiency one u lower 
than our estimation. The dashed line corresponds to the 953 CL, with 3 events 
expected. The dashed-dotted lines are guides to the eye. 
Fig.2. Regions in the tan f3 vs mh plane excluded in the MSSM Higgs search. The 
methods used in the domains a to g are described in the text. The allowed 
kinematical domain at the Z0 peak is to the left of the dashed line. 
Fig.3 Corrected thrust axis angular distribution for events having no tracks in a 40° 
cone around the thrust axis. The solid line is a fit of the function 1 +e cos2 8 to 
this distribution. 
Fig.4-a Smallest invariant di-jet mass vs the largest, using the large mass cut (see text). 
Fig.4-b Smallest invariant di-jet mass vs the largest, for a simulated sample of 30 GeV /c2 
hA events, normalized to our experimental sensitivity. 
Fig.5. Excluded regions in the mH± vs Br(H± --+hadrons). The curves (a), (b) and (c) 
correspond respectively to the limits obtained in the two-prong , the one prong-
two jets, and the four-jets analyses. The solid curve corresponds to the combined 
limit. 
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A search for neutral Higgs particles produced in zo decays 
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH 
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A Search for Neutral Higgs 
Particles in zo Decays 
DELPHI Collaboration 
Abstract 
The search in DELPHI data for neutral Higgs bosons is described. No can-
didate for the Standard Model Higgs is seen in zo decays to H0vv, H0µ+µ-
or H0r+r- after selections that proved efficient for finding simulated H0 • One 
remaining candidate for zo --+ H0e+e- is consistent with background. Together 
with our earlier studies, these results restrict the H0 mass to be above 38 GeV /c2 
at the 953 confidence level. No signal is found for decays of Minimal Super-
syrnmetric Standard Model neutral Higgs bosons to r+r-. Limits are obtained 
for their decays to produce four jets. 
(Submitted to Nuclear Physics B) 
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1 Introduction 
The Standard Model[!] predicts the existence of a neutral scalar Higgs particle, H0 , 
and its couplings to quarks and leptons. However the H0 mass, mHo, is not predicted. 
The Higgs[2] mechanism remains an unverified but essential ingredient of the Standard 
Model (SM) and its supersymmetric extensions. 
Several searches[3] for the Higgs boson were reported before LEP started providing 
Z0 • However the interpretation of the searches were subject to significant uncertainties 
for masses outside the region 1.2 to 52 MeV /c2 [4]. 
The experiments at LEP take advantage of the expected production of the Standard 
Model H0 by 
e+e- - z0 - H0 + z0 • , Z0 * - qq or ll (1) 
where the virtual Z0 * giving an El lepton pair in the final state is generally used as a 
signature for zo decays that produce H0 • The H0 mass was restricted to be small or 
above about 14 to 20 Ge V / c2 by searches in zo decays from the limited statistics of the 
1989 da.ta[5-7]. Furthermore, including the 1990 data., the Higgs boson was excluded 
down to zero ma.ss[8-11]. It remains to look for H0 up to the highest masses which 
become accessible as larger data. samples a.re available. 
Here we present results, obtained with the DELPHI detector, for reaction (1) with 
Z0 * - vi/, e+e-, µ+µ-and r+r-, for mHo between 12 and 45 GeV/c2 • For these masses 
the dominant H0 decay would be to bb pairs, the heaviest available particles, seen as 
hadron jets with several charged particles. Also H0 - r+r- would be present with a 
branching ratio of some 6%. 
Events with an H0 and z0 • - vi/ pair would be distinguished by only having the H0 
decay products detected, with the remaining energy and momentum unseen. Final states 
with charged leptons have a. smaller branching ratio. They are distinguished by a. lepton 
pair well isolated from the ha.dronic remnants from the H0 • 
In principle one may also search for H0 production when both H0 and Z0* decay to qq 
with four jets in the final state. However we found that any H0 peak would not be well 
resolved from background mass combinations with these data. 
In the Minimal Supersymmetric extension to the Standard Model (MSSM) there a.re 
two complex Higgs doublets which give rise to five physical Higgs bosons (H+, H-, h0 , 
1i0 , A0 )[12]. There are two CP-even scalars h0 and 1i0 , which mix with an angle a, and 
one CP-odd pseudoscalar A0 • The model is fully specified by two parameters. These 
can be chosen to be mh (the mass of the lightest scalar) and tan,B = v2/v1; vi and v2 
are the vacuum expectation values of the Higgs fields which couple only to down-type 
quarks and charged leptons or to up-type quarks and neutrinos, respectively. In the Born 
approximation, the masses a.re constrained such that mH+ is larger than mw and mh is 
smaller than mzl cos 2,BJ, although this is no longer true at higher order[13]. Note that in 
the limit when m.-t becomes large, tan ,B approaches 1, and h0 becomes equivalent to the 
Standard Model Higgs particle. 
Production of MSSM neutral Higgs particles is predicted to occur predominantly by 
two complementary production mechanisms 
or + - zo hoAo e e - -
with cross sections proportional to sin 2( a-,B)crHo and cos2( a- ,B)cr110 , where the SM cross 
sections <THo and cr110 a.re for e+e- - zo - H0Z0* and e+e- - z0 - vii. In the model 
2( 2 2) 2 mh mz - mh 
cos (a - ,B) = 2 ( 2 2 2 2) 
mA mz +mA - mh 
2 
The h0 and A0 decay modes of interesc in the search are into heavy f /pairs which are 
kinematically allowed. The branching ratios depend strongly on a and /3: 
BR( h0 ---+ TT : cc : bb) = 1 : 2.1( cot a cot /3)2 : 19/3~ 
BR(A0 ---+ TT: cc: bb) = 1: 2.l(cot/3)4 : 19/3~ 
where /3b is the b-quark velocity in the Higgs rest frame. Since the mixing angle a is 
approximately equal to -/3 in the mass range considered here, the decay fractions for h0 
and A0 are roughly similar. For tan J3 much larger than 1, T+T- and bb dominate. The 
T+T- mode is still appreciable (43 to 53) even far above the bb threshold. For tan/3 
much less than 1 the cc mode dominates - with some admixture of bb for tan,B near 1, 
corresponding to mass differences between the h0 and the A0 of 5 GeV /c2 or more. 
Thus in the MSSM model, the search for the SM H0 already restricts the possible 
values of mh, if tan .B were about 1. There can be extra zo decays with T pairs if tan ,B 
were above 1, or with four jets with dijet masses peaking at mh and m...1 if tan ,B were 
above or below 1. Searches for such decays in the 1989 data from DELPHI are described 
in ·reference [14]. 
2 Data 
The present analysis is based on data collected by DELPHI during the 1990 scans at 
LEP around the .zo peak. Some 119000 hadronic zo decays were detected, depending on 
specific selections on the data taking conditions. A summary of specific properties of the 
DELPHI detector[15] relevant to this analysis follows. 
Charged particle tracks are measured in the 1.2 Tesla magnetic field by three cylindr; -"'l 
tracking chambers: the Inner Detector (ID) at radii 12 to 28 cm, the Time Projec 
Chamber (TPC), the main tracking device, covers radii 30 to 122 cm and the 0 
Detector (OD) 197 to 208 cm. Beyond the solenoid coil are Time Of Flight (Tl 
counters for triggering. The Forward Chambers A and B, cover polar angles 10° to j,_ 
and 150° to 170°. 
Electromagnetic energy is measured by the High density Projection Chamber (HPC) 
in the barrel and by the Forward ElectroMagnetic Calorimeter (FEMC). The HPC has 
layers of lead and gas covering polar angles from 40° to 140°. A scintillation layer is 
installed after the first 5 radiation lengths for fast triggering. The FEMC has lead glass 
blocks covering polar angles 10° to 36° and 144° to 170°. 
Hadron shower energies are measured by combining measurements from the Hadron 
Calorimeter (the instrumented iron return yoke for the magnet) and the electromagnetic 
calorimeters. 
Muons are identified by their penetration through the yoke to the MUon Barrel and 
Forward chambers ( MUB and M' F) which have layers inside and outside the iron yoke. 
The calorimeters also distinguish .idron or electromagnetic showers from muons. 
The Small Angle Tagger (SAT) measures the luminosity and is also used to veto 
significant energy seen at a small angle to either beam. 
The trigger is based on ID and OD coincidences, on the HPC and TOF scintillation 
counters, and on the forward detectors. The trigger efficiency for events with H0 in the 
mass range studied is indistinguishable from that for hadronic events which is greater 
than 99.73[16]. 
Monte Carlo data samples included zo ---+ H0 + z0• for several H0 masses with of the 
order of 1000 events simulated at each mass, (and h0 A0 production for MSSM) and 
3 
possible background contributions from some 110000 simulated zo -+ qq, 11000 ,+,-
and 22000 µ,+ µ,- decays. These were used to define the selection criteria and determine 
their efficiencies. H0 production processes were generated[l 7] and then fragmentation was 
simulated using the LUND parton shower model[18] and the results passed through the 
DELPHI detailed simulation program. This produces the expected signals in the various 
subelements of the detectors. The simulated raw data for these samples were passed 
through the same reconstruction and analysis programs as real data. 
The Standard Model parameters obtained from DELPHI[16] data were used to predict 
the cross sections for H0 production[19,20], 5.5 pb at the zo for mHo = 40 GeV /c2 • The 
calculation included initial state radiative corrections computed with exponentiation and 
a triangle vertex correction with a top quark of mass 200 GeV /c2 • 
3 Search for zo __,. H0 +. v + D 
Due to the large missing momentum carried by the two neutrinos, the zo -+ H0z0·, 
Z0* -+ vii decays very often appear unbalanced. This is the main feature used to distin-
guish these from the majority of zo -+ qq decays. 
Detection of particles and measurement of energy are particularly important, as miss-
ing momentum is one of the selection criteria. We therefore require that the TPC and 
all calorimeters were working. 
The reconstructed mass, mr, of most zo -+ qq is much larger than a. Higgs with mass 45 
Ge V / c2 • However the decay zo -+ r+ ,- may produce potential background candidates 
due to the missing momentum carried by the neutrinos from the r decays. These events 
are efficiently suppressed by selecting charged multiplicities, nch, above 6 and removing 
such typically back to back events. In contrast, the charged multiplicity of most H0 decays 
is quite large when mHo is large enough for decay to bb. Background events from beam-
gas and beam-wall interactions are eliminated by selecting candidates with the particles 
produced at a large angle to the beam. 
To reduce the background further a set of topological variables are used. These vari-
ables exploit the fact that the Higgs boson events, as opposed to the background, have a 
pronounced spatial asymmetry in the laboratory system due to the (invisible) neutrinos. 
We use the acoplanarity and .X, p and E50 as defined below. 
To calculate the acoplanarity the event is split into two hemispheres divided by a plane 
perpendicular to the thrust axis. The sum of particle momenta in each hemisphere is 
projected onto the plane perpendicular to the beam axis. Acoplanarity is defined as the 
complement of the angle between the two sums. If all the energy is in one hemisphere, 
we take the acoplanarity a.s 90°. 
A is the angle between the direction of missing momentum and the closest reconstructed 
jet. Jets are defined with the algorithm LUCLUS[l8]. 
p is the complement of the largest angle between any two jets, for events with three 
or more jets with an energy above 2 Ge V. 
E50 is the total energy of reconstructed particles in a cone with 50° half angle about 
the missing momentum. 
The search is divided into two complementary sets of selections; analysis I has a 
reasonably good efficiency for Higgs boson masses from 10 to 40 GeV / c2 , while analysis 
II is optimised for heavier Higgs masses, up to 50 GeV/c2 • 
Both analyses initially use charged particles (with momentum above 100 Me V / c) as 
well as showers with energy a.hove 100 MeV (which are not linked to a charged parti-
cle). Candidates must have nch above 6 and an energy sum of these charged particles 
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Table 1: The numbers of events remaining after the zo - H0vii sequential selections on 
the data, and on a Monte Carlo background sample normalised to the number of hadronic 
zo decays in the initial data sample. 
Real Simulated ffiHO = 
Selection Data zo - qij 40 GeV /c2 
Analysis I preselections 56132 51080 2.9 
p > 30° 13380 15205 2.6 
.X > 42° 685 671 2.4 
acoplanarity > 15° 160 161 2.2 
fir< 40 GeV/c2 0 1 2.1 
Analysis II preselections 60419 54127 3.1 
acoplanarity > 2.5° 32791 27401 3.1 
p > 36° 5138 5538 2.7 
£50 < 1 GeV 63 64 2.0 
fir < 45 GeV /c2 0 2 1.9 
(assumed to be pions) above 8 GeV, missing transverse momentum (with respect to the 
beam) above 5 GeV /c and missing momentum, Pmis, at more than 18° to the beam axis. 
Hadronic Z0 decays with high momentum charged secondaries can be reconstructed with 
a large momentum imbalance due to the occasional deterioration in momentum resolu-
tion for shorter, straighter tracks. To remove this background the particle with highest 
momentum (above 7 Ge V / c) must have fractional momentum error below 1. For Higgs 
masses considered here the signal is no longer that of a strongly boosted hadronic system. 
So we reject contamination from beam related background and zo - qij"'( (with a high 
energy /) by requiring IP mis I to be below 35 Ge V / c and, for mr above 10 Ge V / c2 , IP mu I 
to be less than 0.8 x Evis (where Evis is the measured energy of all the detected charged 
and neutral particles.) In addition events with more than 10% of their recorded energy 
going in the forward and backward directions (within 15° of the beam axis) are rejected 
since these events may have missed an important amount of energy along the beam pipe. 
After the initial selections, events are removed in analysis I when significant energy is 
seen in the regions where the detectors have incomplete coverage. The sum of the energy 
in all SAT detectors is required to be below 4 GeV and the thrust axis and Pmis to be at 
more than 25° to the beam. If m,. is below 10 GeV /c2 then all particles must be in one 
hemisphere. 
Comparison of the differential distributions for the simulated zo - qq and rf back-
grounds and the possible z0 - H0 vv signal led to selections that optimise background 
rejection and H0 acceptance. Figure 1 and table 1 show the effects of the sequential 
selections on the data, on simulated zo decays initially normalised to the data, and on H0 
with a mass of 40 Ge V / c2 • After the preselections described above, the remaining events 
must have: 
(a) p above 30° for events with more than two jets, figure 1( a), 
(b) .X above 42°, figure l(b ), 
( c) acoplanarity above 15° (or 30° if mr below 25 Ge V / c2), figure 1( c ), 
(d) mr below 40 GeV/c2 , figure l(d). 
No events from the real data passed these selections in analysis I. There was one 
remaining background candidate among the Monte Carlo zo -+ qij decays, with an ener-
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Table 2: Standard Model H0 production: for various masses in Ge V / c2 , selection efficien-
cies, e, and expected number of events, n. 
mHo H0 vv H0e+e- Huµ+µ- T channel 
e3 n e3 n e% n e3 n 
12 24 12.91 38 3.22 68 6.12 15 1.51 
15 28 11.60 45 2.85 69 4.62 16 1.18 
20 38 9.71 45 1.81 68 2.88 19 0.90 
25 51 8.39 45 1.15 68 1.83 24 0.64 
30 56 5.94 45 0.74 66 1.13 27 0.49 
35 59 3.91 47 0.48 65 0.70 26 0.30 
40 58 2.35 45 0.28 67 0.44 29 0.21 
45 45 1.05 42 0.15 65 0.25 28 0.12 
50 30 0.40 44 0.09 63 0.14 27 0.06 
getic, isolated photon pointing towards a region (around 40°) where photon detection is 
absent. 
In analysis II the comparison of the differential distributions for the simulated back-
grounds and possible H0 signal led to the following selections: 
(a) acoplanarity above 2.5°, figure 2(a), 
(b) p above 36° for events with more than two jets, figure 2(b ), 
( c) E5o below i" Ge V, figure 2( c ), 
( d) mr below 45 Ge V / c2 , figure 2( d). 
Again no events from the real data passed these selections, while two events from the 
simulated background zo ---+ qq were selected. One was the same as in analysis I, the other 
had both a large initial state radiation and a jet pointing towards the region (around 40°) 
where neutral particle detection is poor. When normalised by the sample sizes, the two 
Monte Carlo events correspond to an expected background of 1.8±1.3 events. 
Accepting all events in both analyses results in the detection efficiency for a Higgs 
boson mass in the range 10 to 50 Ge V / c2 shown in table 2 (and figure 10( a)). Systematic 
errors (typically ±0.028) were evaluated by comparing the small systematic differences 
between the data and Monte Carlo differential distributions. The expected number of 
selected H0 decays is also shown in table 2 (and figure lO(b)). 
4 Search for zo ----1- H0 + e+ + e-
The signature for zo ---+ H0 Z0*, Z0 " ---+ e+e- is two isolated high energy electrons and 
some hadrons. Isolation is essential to reject background from semileptonic decays of 
heavy quarks. 
In order to accept as many electrons as possible, this analysis used two different 
definitions of electrons (with momentum measured by the tracking chambers, fe, shower 
energy in the electromagnetic calorimeters, Ee, and residual energy measured by the 
hadron calorimeter, Eh.) The 'firm' electron is distinguished from other charged particles 
by requiring (a) Ee over 3 GeV, (b) ~ above 0.3 and (c) Eh below 1 GeV. The 'loose' 
electron can be either (a) an electromagnetic shower with Ee above 3 GeV and Eh below 
1 GeV, associated with a charged particle or behind an insensitive region between TPC 
modules, or (b) a charged particle with Pe above 4 GeV /c extrapolating to an insensitive 
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Table 3: The numbers of events remaining after the zo - H0e+e- sequent. _selections on 
the data, and on Monte Carlo background samples normalised to the number of hadronic 
zu decays in the initial data sample. 
! Real Simulated Simulated mHo = I 
Selection Data zo - qq 4 Fermions 40 GeV /c2 
e identification 508 566 0.63 0.40 
e energies 154 169 0.53 0.38 
e+ e- angle > 20° 141 142 0.52 0.38 
e-jet angle > 25° 1 0 0.39 0.28 
region between HPC modules with Eh above .l GeV. After selections •.he main background 
is from true electrons from other sources rather than from misidentified hadronic showers, 
so stricter electron identification criteria are not needed. 
The electron energies (associated with the extrapolation of the· electron track) are 
augmented by adding the energies of satellite showers, due to bremsstrahlung in the 
material in front of the calorimeters, within a cone whose opening angle is a decreasing 
function of the parent shower energy. 
We analyse all data when the TPC and the electromagnetic calorimeters were working 
properly. 
An event that could be from H0 z0• production must come from the interaction region, 
within 10 cm in the beam direction and within 4 cm in the transverse direction. The 
event must have two (or more) possible electrons (from the z0•), including at least one 
firm and a second firm or loose electron with opposite charge and 4 or more charged 
particles with momentum above 500 MeV /c from the H0 decay. Figure 3 (an table 3) 
show the effects of further sequent '1 selections for data and simulated qq even . initially 
normalised to the data, as well as fo: zo --> HL' e- events with mHo = 40 Ge V / c~. Events 
must have: 
(a) one electron energy above 12 GeV and the other shower energy or tracking momentum 
above 5 GeV, figure 3(a), 
(b) the opening angle between the two electrons over 20°, figure 3(b ), 
( c) the isolation angle between ea.ch electron and the closest jet a.xis over 25°, figure 3( c). 
The selection efficiencies shown in table 2 (and figure 10( a)) have been calculated by 
generating samples of Monte Carlo events for different values of the mass of the Higgs 
boson. A systematic error of 2% on all the efficiencies has been evaluated by varying the 
selection criteria. Table 2 (figure lO(b)) also shows the expected number of events. 
The simultaneous requirements of relatively high multiplicity and electron isolation 
remove background from leptonic zo decays. No background from hadronic events was 
found in a sample of 120000 simulated qq events. 
However one even" :i. the data does have two isolated, high energy electrons (see table 
4). The electrons WHi1 momenta 31.5±3.1 and 21.3±2.7 GeV /c are at large angles to 
the beam and 100° and 43° away from the nearest jets (and 72° and 31° away from any 
charged particle with momentum over 300 Me V / c and neutral hadrons above 2 Ge V) 
while the missing mass to the electron pair is 35.4±5.0 GeV /c2• The measured mass of 
the two close jets (jets 1 and 2 with 7 charged particles ta.ken as pions) is 9 Ge V / c2 • 
There is evidence of other particles in the direction of the missing momentum, towards 
the less efficient forward region. 
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Table 4: zo --+ H0e+e- candidate, run 10600 event 4505, momenta and energies. Missing 
mass to e+e- = 35.4±5.0 GeV/c2, m(jetsl,2) = 9.0 GeV/c2 , m(jetsl,2,3) = 17 GeV/c2. 
Px Py Pz E 
GeV/c GeV/c GeV/c GeV 
4.62 -20.78 -1.98 21.39 e+ 
-0.13 22.72 21.84 31.51 e -
0.04 -6.60 4.89 9.19 jet-1 
-4.51 -3.02 1.24 5.89 jet-2 
0.58 0.85 -2.81 3.00 jet-3 
Two particular mechanisms which may simulate the H0e+e- final state were studied 
with larger statistics: bb production and the four fermion processes e+e- --+ e+e-qq. In 
order to have statistical precision equivalent to fractions of an event, 800000 zo --+ bb 
were generated with the Lund Monte Carlo program[18], JETSET. 900 of these events 
passed wide selections and were submitted to full simulation and reconstructed. Only 
2 passed all final selections, corresponding to an expectation of 0.05±0.04 events in our 
experimental sample. 
The four fermion background has been studied with a simple simulation[20,21] as-
suming zero mass fermions. Two photon processes making qq are included. Final state 
particles were generated using quark fragmentation from JETSET and submitted to the 
full detector simulation. The cross section has been calculated as a function of the centre 
of mass energy, after selections that are required by the experimental acceptance or H0 
candidate criteria. These selections avoid infrared divergences in the calculation. The 
full simulation shows the background to zo--+ H0e+e- is 0.39±0.04±0.0Ssyst events (see 
table 3, column 4) including a reduction factor 0.74 (averaged over the beam energies) 
to account for the effects of initial state radiation. The systematic error is due to the 
theoretical approximations made in the calculation. 
Summarizing, the search for zo --+ H0e+e- gives one candidate and an expected back-
ground of 0.44±0.10 events. 
5 Search for zo--+ H0µ+µ-
The selection of the H0 µ + µ- channel relies on the identification of high energy, isolated 
muons, which distinguish H0 production from semi-leptonic decays of bb pairs. 
Pairs of muons are selected using different criteria for the two particles. The first 'firm' 
muon is selected by a good match in space between the extrapolation of a track of a 
charged particle and a set of hits in at least two detection planes of the muon chambers. 
In the transverse plane, the distance from the first hit to the extrapolation and the 
deflection between the set of hits and the extrapolation, are required to be less than five 
times their intrinsic resolutions due to multiple scattering at small angles. In addition, 
the energy depositions measured by the electromagnetic and hadron calorimeters must be 
consistent with those expected for a minimum ionizing particle. This condition is fulfilled 
by restricting the total shower energies as well as the energy depositions in each part of 
the calorimeters. 
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Table 5: Efficiency for µ identification (in 3 ). 
I Effi . . d t . . firm loose j c1enc1es an con ammation 
identification identification i 
/efficiency from real T+T events 88.4 ± 9.0 95.3 ± 9.5 
efficiency from real µ + µ- events 89.1 ± 0.4 96.7 ± 0.2 
efficiency from simulated µ+ µ- events 92.4 ± 0.4 98.2 ± 0.2 
7r taken as µ from real T+T- events 2.1 ± 0.5 4.4 ± 0.7 
Table 6: The numbers of events remaining after the zo -+ H0 µ + µ- sequential selections 
on data, simulated H0µ+ µ- events with mHo = 40 GeV /c2 and simulated backgrounds. 
The Monte Carlo data are normalised to the number of hadronic zu decays in the initial 
data sample. 
Real Simulated Simulated Simulated mHo = 
Selection Data zo-+ qq zo-+ TT 4 fermions 40 GeV /c2 
preselections 1331 1506 10.20 0.74 0.50 
pµ 1 > 15 GeV /c 375 409 7.65 0.57 0.50 
pr1 > 5 GeV/c 46 46 0 0.54 0.49 
pr2 > 3 GeV/c 14 12 0, 0.51 0.48 
8(µ 1 jet) > 30° 1 1 0 0.50 0.46 
8(µ 2 jet) > 10° 0 0 0 0.48 0.44 
In order to select as many muon pairs as possible, the second 'loose' muon is allowed to 
fail the conditions for muon chamber hits, or for the energy deposits in the calorimeters. 
The single muon selection efficiencies were monitored on real and simulatedµ+µ- events 
as well as on real r+r- events where one r decays into one charged particle while the 
other decays into three charged particles. These r decays were also used to estimate the 
expected pion contamination. The results are given in table 5 with the corresponding 
statistical uncertainties. Requiring one 'firm' and one 'loose' muon identification leads 
to a high dimuon selection efficiency and a. small pion contamination. The simulation is 
found to be in agreement with the data to within 33. 
Candidates for zo -+ H0µ+ µ- are selected by requiring events with six or more charged 
particles (including the two muons) coming from the interaction region, within 10 cm 
along the beam direction and within 5 cm in the transverse plane. This selection elim-
inates radiative events with the photon producing a shower at the beam pipe or when 
entering the detector. In such events, the tracks coming from the shower do not extrap-
olate back to the beam crossing with the same accuracy as particles produced at the zo 
decay. This type of background can therefore be reduced by requiring that all tracks 
ta.ken into account in the charged multiplicity come from the interaction region. 
Furthermore, the two muons must have opposite charges and momenta above 5 Ge V / c, 
while their opening angle has to be larger than 30° in order to suppress the contribution 
from sequential leptonic decays of b quarks. A set of kinematical cuts is then applied 
to further reduce the contamination from bb decays. These selections take advantage 
of the fa.ct that muons produced in association with a Higgs boson are expected to be 
isolated and of high momentum, unlike those coming from the decay of ab quark. Figure 
4 and table 6 show the effects of these sequential selections on data and simulated qq 
events initially normalised to the data, as well as on zo--+ H0µ+µ- events with mHo 
40 Ge V / c2 • The following conditions are required: 
(a) momentum of one muon, µ 1 , above 15 GeV /c, figure 4(a), 
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( b) transverse momentum of µ1 over 5 Ge V / c with respect to the thrust axis of the system 
recoiling from the dimuon, figure 4(b ), 
( c) transverse momentum of the other muon, µ2 , over 3 Ge V / c with respect to the same 
axis as in (b ), figure 4( c ), 
( d) angle between µ 1 and the closest jet above 30°, figure 4( d), 
( e) angle between µ2 and the closest jet above 10°, figure 4( e ). 
The Higgs selection efficiency, shown in table 2 and figure 10( a), is almost independent 
of mHo. The systematic uncertainties are dominated by a 4 % relative uncertainty in the 
dimuon selection efficiency. The expected number of events is shown in table 2 and figure 
lO(b ). 
A background study was made on samples of some 110000 zo --+ qq, 11000 zo --+ r+r-
(see table 6, columns 3 and 4) and 22000 zo --+ µ+ µ- decays. A sample of 3000 zo --+ bb 
decays with at least one muon in the final state was also used to· study the expected 
background from hadronic zo decays with a higher statistical precision. No events in 
these samples passed the selections. The four fermion background was studied using 
the procedure already described in the preceding section. Final states with one pair of 
muons and either one pair of quarks, taus or electrons were taken into account. For each 
final state, a sample of a few hundreds of events was generated and passed through the 
reconstruction and analysis chain. The background from µ+µ.-e+e- is small: 0.003 ± 
0.002 events. The contribution from µ+µ-qij final states is 0.43 ± 0.02 events, while the 
background from µ+µ-r+r- is 0.052 ± 0.007 events. Table 6, column 5, summarises the 
effect of the selections on four fermion events. The total expected background in the 
H0µ+µ- channel is 0.48 ± 0.02±0.lOsyst events. 
Finally, to further check our background computation, we relaxed the selection on the 
impact parameter of tracks taken into account in the charged multiplicity, allowing impact 
parameters up to 20 cm along the beam direction and up to 10 cm in the transverse 
plane. One event was then selected in the data. In this event, most of the charged 
particles recoiling from the dimuon form a narrow jet, with low mass, pointing in the 
forward direction to an electromagnetic shower of 9 GeV. This jet can either be due to a 
photon conversion at the beam pipe or a primary low mass e+e- pair. With these relaxed 
selections, the additional contribution from radiative zo --+ µ+ µ- decays is 0.33 ± 0.23 
events, while the other backgrounds remain practically the same. 
6 Search for H0 production with final state 
r+r- pair 
According to the Standard Model final states with isolated tau decays can be produced 
both by zo decay and by H0 decay (see table 7). AT decay candidate is a 'slim' jet with low 
multiplicity and intermediate energy. Our analysis does not look for identified electrons 
or muons but any charged particles, so we use all runs in which the main tracking device, 
TPC, is working. 
Selected events must have at least two slim jets (with one to three charged particles 
with I.Pl above 300 MeV /c made into jets using LUCLUS) and two or more other charged 
particles. Variables x and 'ljJ are introduced to reduce the background from zo --+ qq. 
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Table 7: Standard Model H0 production with final state r+r- pair: branching ratios and 
detection efficiencies for mHo = 40 Ge V / c2 • 
j Decays Branching ratio Efficiency 
zu --+ zu•(-+ r+r )Hu 3.3% 11% 
zo --+ Z0*(-+ qq)H0(-+ r+r-) 70.9%x6% 11% 
zo --+ Z0*(-+ z+ z-)H0 (-+ r+r-) 3.3%x6% 263 
Table 8: The numbers of events remaining after the zo --+ H0r+r- sequential selections on 
the data and on Monte Carlo background samples normalised to the number of hadronic 
zu decays in the initial data sample. 
Real Simulated MC mHo = 
Selection Data zo-+ qq 41 40 GeV /c2 
1-1 topology 7 6 0.35 0.22 
x :::; 0.6 5 4 0.30 0.17 
1/; 2: 0.6 3 3 0.29 0.16 
Sphericity 2: 0.2 0 0 0.08 0.13 
1-2 and 1-3 topologies 143 120 0.21 0.34 
6 GeV :::; Er :::; 22.5 GeV 42 41 0.09 0.17 
r opening angle 2: 90° 25 22 0.06 0.15 
1/; 2: 0.8 19 15 0.05 0.10 
sphericity 2: 0.25 0 0 0.02 0.08 
Eeh -E~h 
Both use the measured energies, Ech, of charged particles. The quantity x = I E~';/ 2 +E~/;1 ' I 
J•t2 J•lt 
measures the relative energies of exactly two jets constructed from all the charged particles 
that are not included in the two r candidates. The quantity 1/; = ( El+E~) is the ratio 
h•f'l between the energy of the two r candidates and the total energy of the cnarged particles 
in the hemisphere (with axis along 1 ~'"1 1 + 1 ~"2 1 ) that contains them. Pr1 P"l 
A study of the differential distributions for the simulated zo --+ qq and zo __,.. r+r-
background lead to selections that optimise background rejection and H0 acceptance. 
Details (see below) are given in table 8 for data and simulated qq events and zo __,.. Z0*( _,.. 
r+r-)H0 with m8 o=40 GeV/c2• 
The first r candidate is required to have only one charged particle. 
After this selection only 7 real events and 6 simulated Z0 --+ qq events (no simulated 
zo--+ r+r-) have a second slim jet with one charged particle (the 1-1 topology.) After 
further selections to reduce background (x below 0.6, 1/; above 0.6, and sphericity above 
0.2) no events remain. 
If the second slim jet has two or three charged particles (the 1-2 and 1-3 topologies) 
then other sequential selections are used, see table 8 and figure 5. Events must have: 
(a) energies of both slim jets above 6 GeV and below 22.5 GeV, figure 5(a), 
(b) opening angle between them above 90°, figure 5(b ), 
( c) 1/; above 0.8, figure 5( c ), 
( d) sphericity above 0.25, figure 5( d). 
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The simulated zo - qq sample is normalized to the real events in table 8 and figure 5 
after preliminary (tagging) selections. 
After the selections no candidates remain in the data or simulated zo - qq or zo -
r+r- decays, while we expect 0.21±0.02±0.02 events when mHo is 40 GeV /c2 (see table 
2). Systematic errors were evaluated by changing the selections. 
Contributions from backgrounds from four fermion processes giving all z+ z-qq and 
r+r- z+ z- final states have been evaluated. After the selections we expect 0.10±.02±0.02 
background events (see table 8 column 4). 
Results of the search for the Standard Model Higgs particle are summarised in section 
9. 
7 Search for MSSM neutral Higgs decay-
ing to 7+7-
The search for MSSM h0 or A0 (see section 1) decaying to r+r- looks for two isolated 
r decays accompanied by two heavy quark jets. This search for MSSM decays is different 
from the above search for the Standard Model H0 - r+r-. It includes both charged and 
neutral particles and uses different selections. Results of both analyses have been cross-
checked and agree. Slim jets are defined as having up to three charged particles and are 
selected as candidates for r decays. No restriction is made on their neutral multiplicity 
but their mass must be below 2.5 GeV/c2 • 
The search is restricted to four jet events (using LUCLUS) with thrust below 0.9. The 
number of charged particles included in the slim jets is shown in figure 6 for the data, 
simulated zo - qq decays initially normalised to the data and zo - h0 A0 • As expected, 
slim jets with three charged particles dominate the background while jets with a single 
charged particle dominate the possible signal. We therefore apply different selections 
according to the topology of the r decays. 
Two of the jets must be slim jets. The first slim jet is required to have only one 
charged particle, Ech above 2 GeV, and total energy above 3 GeV (including any neutral 
particles). When (a) the second slim jet also has one charged particle, one of the slim 
jets must have Ech above 3 Ge V. When (b) the second jet has two charged particles, it 
must have Ech above 1 Ge V. When ( c) the second jet has three charged particles, both 
jets must have Ech above 3 Ge V. 
The two slim jets ( r candidates) have a large opening angle, e,. The cosine of this is 
plotted in figure 7( a) against cos f)h (the angle between the high multiplicity jets) for the 
selected real events (black circles), and in figure 7(b) for simulated zo - h0 A0 decays with 
mho=m..-to=40 GeV/c2• A concentration is seen for the simulated h0 A0 (black squares) 
about cos fJ1, cos f)h ~ -0.6 but no similar structure is seen for the data. No events in 
the data have both cos f) between -0.8 and -0.2, where about 1 background event (open 
circles) is expected. 
The efficiency for finding zo - h0 A0 decays by these selections is 12±2 % and varies 
very slowly for mho or m.40 between 35 and 42 Ge V / c2 • 
If / 1 is the branching ratio for zo - h0 A0 and f2 the branching ratio for h0 A0 -
rr + 2jets, then the absence of events means / 1 x f 2 < 2.5 x 10-4 at the 95% confidence 
level. Figure 11, contour B, shows the corresponding MSSM limit in the mh - tan f3 plane, 
assuming values for f 1 and h calculated from the formulae defined in section 1. 
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Table 9: Detection efficiency for zo -+ 4 jets. 
mh m...\ Efficiency 
GeV /c2 GeV /c2 (%) 
25 40 20.2 ± 1.4 
30 35 22.2 ± 1.5 
30 45 13.0 ± 1.1 
35 40 20.8 ± 1.4 
35 50 12.2 ± 1.1 
40 45 16.5 ± 1.3 
8 Search for MSSM neutrh~ Higgs decay-
ing to 4 jets 
The MSSM Higgs h0 and the A0 also decay to purely hadronic final states (see section 
1) and may be reconstructed from their decay products. In order to study the expected 
mass resolutions and detection efficiencies, we simulated zo -+ h0 A0 decays with various 
combinations of masses (mh, mA), for both tan f3 above and below 1. Decays of the h0 and 
the A0 into cc, ++;- and bb were given branching ratios predicted by the MSSM. Sub-
sequent hadronization used parton shower evolution and string fragmentation from the 
Lund Monte Carlo program[18]. The data analysis required the simultaneous operation 
of the TPC, OD and HPC at a high quality level. 
First, all hadronic events with a visible energy larger than 20 GeV are -:econstncted 
as four jet events (if possible), using an iterative procedure based on m ,.<lmiza" :i of 
4-thrust[22] (a generalization of thrust to the case of four jet axes). The jets i,i_:: re-
constructed from the measured charged particles (with momentum above 0.1 Ge V / c, 
fractional momentum error below 1, and I cos e1 below o.93, where e is the polar angle) 
and reconstructed electromagnetic calorimeter clusters in the HPC (with I cos Bl below 
0.8). Noisy channels are removed from the electromagnetic calorimeter signals by an 
algorithm which removed less than 13 of the solid angle. This has a negligible effect on 
the jet finding efficiency. Each jet was required to consist of at least four particles. 
Next, in order to improve the jet-jet mass resolution, a constrained fit is performed, in 
which the measured jet energies and momenta are corrected, using the constraints from 
energy and momentum conservation. The twelve fitted parameters are chosen in such a 
way that their distributions in simulated zo -+ h0 A0 are nearly Gaussian. For each jet 
they are a1, the log of a rescaling coefficient, ea;, applied to the energy and momentum 
of the jet, and two momentum components, bi and Cj, transverse to the measured jet 
direction. The mean value of a1 is (0.14 + 0.5 cos2 91 ), where 91 is the polar angle of the 
jet axis with respect to the beam. Similarly, the Gaussian widths of the parameters used 
in the fit are o-(a1) = (0.26 + 0.21cos 2 91) and u(b1) = u(c;) = 1.9 GeV /c. The x2 of the 
fit had to be smaller than 20. Only minor differences were found between the simulated 
decays in regions with tan f3 above and below 1. 
After the fit, each of the three pairs of dijet masses that can be formed is entered in 
a plot of the smaller dijet mass, ms, versus the larger dijet mass, mi. 
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Since the main background comes from zo -+ qq decays, selections are made on the 
minimum opening angle, BiF", and the minimum jet energy, Ek1in, among the four re-
constructed jets. Figure 8( a) shows the distribution of BiF" plotted against Ek1in for 
simulated zu -+ qq subjected to the same analysis (with arbitrary normalisation), and 
figure 8(b) zu -+ h0 A0 • From such comparisons, and the MSSM branching ratio for 
zu -+ h0 A0 , the statistical significance of a possible signal in the mass region above 25 
GeV /c2 is optimized by requiring BiF" x Ek1in larger than 9 radGeV (the curve on figure 
8). 
The resulting plot of ms against mi is shown in figure 9( a) for the data and in figure 
9(b) for simulated decays with mh = 30 Ge V / c2 and m..\ = 35 Ge V / c2 , where events 
generated with tan /3 above and below 1 have been combined. The simulation shows an 
accumulation at about the correct masses, surrounded by a wider distribution due to the 
other jet-jet combinations. 
The Higgs boson signal would be a cluster of events in figure 9( a) since simulated 
Z0 -+ qq events show a smooth variation with mass. Whereas the jet-jet mass resolution 
is typically around 2 Ge V / c2 at lower masses, the Monte Carlo studies show that the signal 
becomes distorted when the kinematical limit is approached. The search for the signal is 
therefore made in a rectangular window in the (mi-ms, mi+ms) plane, with constant 
window area (corresponding to 36 (Ge V / c2 ) 2 in figure 9) with sides that depend on the 
position in the plane. The background is computed by extrapolating from the observed 
distribution itself, averaged over a region of the same size adjacent to the window. Hence 
the results do not depend on the simulated zo -+ qq. The efficiencies for finding h0 and 
A0 at masses examined here are shown in table 9. 
The expected number of signal events in the search window is calculated from the cross 
section for h0 A0 production, and a smooth interpolation of the efficiencies shown in table 
9. The efficiencies take into account the part of the signal spilling into the region used 
to estimate the background. The confidence level corresponding to the calculated signal, 
given the observed number of events and the estimated background, is then calculated, 
using Poisson statistics, and the contour corresponding to 95% confidence is located. 
The resulting limit on the masses of the h0 and A0 is shown in figure 9 as a contour 
in the (mh, m . .i.) plane (95% confidence level). The straight line AB is because the larger 
mass is plotted as mA. The contour between B and C is where zo -+ h0 A0 production 
is limited by the cross section (the small excluded island at mh ,...., 42 Ge V / c2 , mA ,...., 43 
GeV /c2 is not used for the limits quoted). The 4-jet search was not made to the right 
of the line CDGH where the MSSM limit comes from the SM H0 search (see figure 11, 
discussed below). The interesting feature DEFG is where h0 A0 production cannot be 
excluded due to fluctuations of the data. Thus ffih ,...., 29 Ge V / c2 , m . .i. ,...., 43 Ge V / c2 
remains as a possible region for MSSM that may not be excluded by the data analysed 
here. 
Since the mass resolution and efficiency is the same for tan/3 both above and below 1, 
the result is valid for both. 
The search was optimized for masses above 25 Ge V / c2 , but since the exclusion contour 
that can be derived from the search for the SM Higgs particle (contour A on figure 11) 
overlaps with our previously published limits(14] for mh below 26 Ge V / c2, this leaves no 
uncovered regions at lower masses. 
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9 Results and Conclusions 
Figure lO(b) shows the expected number of H0 events within the Standard Model as 
a function of mHo. The total error bar shown includes the uncertainties attributable to 
systematic changes in the selection criteria for each channel, the Monte Carlo statistics 
used for Hu detection efficiencies (±1.53), and in the computation of expected numbers 
of Hu decays for uncertainty in the Hu production cross section and decay branching ratio 
( ±23) and normalization to hadronic zo decays( ±0.63 ). Including statistical and sys-
tematic uncertainties the total Hu signal would be 3.27±0.06±0.12 events at 40 GeV/c2 • 
We lower the expected number of events by one standard deviation (the fitted curve on 
figure lOb) before calculating mass limits to allow conservatively for the experimental 
uncertainties. 
The candidate for zo - H0e+e- is consistent with the total expected background of 
1.0±0.2 events in all three z0• - z+ z- channels due to four fermion processes (or zo - bb 
with two leptonic decays). Including the expected background of 1.8±1.3 events in the 
z0• - viJ channel gives the total background of 2.8±1.3 events. Since one event survives 
the selections, we take it into account to compute the 953 confidence level (see figure lOb) 
taking the mass of the candidate H0 to be between 27.2 and 43.6 Ge V / c2• In this region 
the maximum signal is 3.9 events at 953 confidence level, using the procedure described 
in reference [23], extended to allow for the error on the background. Comparison of the 
expected signal with the 953 confidence level restricts mHo to be outside the region 12 
to 38 GeV /c2 
Since masses between 0 and 14 GeV /c2 has been excluded by our previous results[7-
ll], there is no Higgs boson with mass between 0 and 38 GeV /c2 (at the 953 confidence 
level). This result is in agreement with the conclusions of recent searches(24-26] by the 
other experiments at LEP. 
In MSSM (without higher order corrections[13]) this limit can be used directly to give 
contour A on figure 11. The search for h0 or A0 producing T provides the 953 confidence 
level contour B on figure 11. For mh ~ mA, this restricts mA to be above 42 Ge V / c2 • The 
contour shows the combined limit, with mh restricted to be above 34 Ge V / c2 , for all tan /3 
above 1. The search for four jets from h0 and A0 gives the 953 confidence level contour 
C on figure 11, when the mass limits are transformed from figure 9 into the (mh, tan/3) 
plane. For tan /3 above 1, the limit C (from four jets) would be slightly less restrictive 
than the limit B from T decays. For tan /3 between 0.3 and 0.5, mh can be as low as 29 
GeV /c2 • 
As small values of mh are already excluded in reference [11], the combination of the 
contours restricts h0 and A0 to masses above 29 GeV /c2 for tan/3 between 0.3 and 0.5 
(at the 953 confidence level, for MSSM without the higher order corrections discussed 
recently[13]) and above 34 GeV /c2 for all other tan,B. 
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Figure captions 
Figure 1. The sequential selections for H0 vii analysis I for data (dots) compared with 
simulated (histogram) initially normalised zu - qij, r+r- and zu - H0 vii with mHo = 40 
Ge V / c2 : (a) p, the complement of the smallest angle between jets, (only for events with 
three or more jets), (b) A, the angle between the missing momentum and the nearest jet, 
( c) acoplanarity, ( d) measured mass of possible H0 decay products. 
Figure 2. The sequential selections for H0vii analysis II for data (dots) compared with 
simulated (histogram) initially normalised zo - qij, r+r- and zo - H0 vii with mHo = 40 
Ge V / c2 : (a) acoplanarity, (b) p, the smallest angle between jets, for events with 3 or more 
jets, ( c) E50 , energy in 50° cone opposite missing momentum, only data with E50 below 
1 GeV is kept, (d) measured mass of possible H0 decay products. 
Figure 3. Distributions showing the effects of the sequential selections on the variables 
used for the zo - H0e+e- analysis for data (dots) and simulated (histogram) initially 
normalised zo - qij and H0e+e- with mHo = 40 GeV /c2 : (a) maximum electron energy, 
(b) opening angle between the electrons, ( c) isolation angle, the minimum angle between 
an electron and jet. 
Figure 4. Distributions showing the effects of the sequential selections on the variables 
used for the zo - H0µ+µ- analysis for samples of data (dots), simulated (histogram) 
Z0 - qij (initially normalised to the data) and simulated H0 µ+ µ- with m110 = 40 Ge V / c2 : 
(a) highest muon momentum, (b,c) transverse momenta of the faster and slower muons 
with respect to the thrust axis of the system recoiling from the dimuon, ( d,e) the angle 
between the faster and slower muons and the nearest jet. 
Figure 5. Distributions showing the effects of the sequential selections on the variables 
used for the zo - H0r+r- analysis when the second slim jet has 2 or 3 charged particles: 
data (dots) and simulated (histogram) initially normalised zo - qij and H0r+r- with 
mHo = 40 Ge V / c2 • (a) Minimum r energy reconstructed from charged particles, (b) 
opening angle between the r, ( c) 'lj; (see text), ( d) sphericity. 
Figure 6. Charged multiplicity observed in the low multiplicity jets in four jet events, 
for the data (points), simulated (line histogram) initially normalised zo -+ qq and zo -+ 
h0 A0 for mho=m_-to=40 GeV /c2 (hatched histogram). 
Figure 7. Distribution of cos81 versus cos8h where 81 (th) is the angle between the 
two low (high) multiplicity jets for (a) data (black circles) and simulated Z0 -+ qq (open 
circles) (b) simulated zo-+ h0 A0 decays for mho=m.4o=40 GeV /c2• 
Figure 8. The minimum angle between jets in the MSSM 4 jet analysis, Bit", plotted 
against minimum jet energy, Ef:1in, for (a) simulated zo -+ qij, and (b) simulated h0 A0 • 
Data above the curve are selected in the analysis. 
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Figure 9. The smaller dijet mass in the MSSM 4 jet analysis, ms, plotted against the 
larger, mi, for (a) the data, (b) simulated mh = 30 GeV/c2 and mA = 35 GeV/c2 • In (a) 
the region within the contour in the ( mh, m.-t) plane is excluded at the 953 confidence 
level. 
Figure 10. Standard Model Hu decays expected for e+e- ---+ Huzo· with z0 • ---+ vii 
(squares), e+e- (triangles),µ+µ- (circles) and r+r- (diamonds) as a function of mHo· 
(a) efficiencies for detecting H0 , (b) expected number of detected decays and their sum. 
The sum is reduced by one standard deviation (the curve) to calculate mass limits. The 
horizontal line with a step is the 953 confidence level for the analysis with the candidate 
and backgrounds discussed in the text. 
Figure 11. In MSSM the shaded region in the (tan,B, mh) plane is excluded (at the 
953 confidence level, using limits A+B combined and limit C). Contour limits are from 
searches for: (A) h0 decays to SM H0 channels, (B) h0 or A0 decays to r+r-, (C) h0 and 
Au giving 4 jets. 
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Abstract 
Methods which makes it possible to improve the reconstruction of invariant 
masses in multi-jet events are presented. The main emphasis is put on recon-
structing jet directions in 4-jet events and on a fit, which utilizes the four con-
straints from momentum and energy conservation and possible further explicit 
constraints on the masses. Finally, a computer implementation is presented and 
results from ~Ion te Carlo analyses are discussed. 
1 
1 Introduction 
This note is meant partly as documentation for the analyses which are made at the 
Niels Bohr Institute, primarily in searches for pairs of Higgs bosons, and partly as a 
manual for members of the Delphi collaboration who wish to use the constrained fit in 
their analyses. 
1.1 Physics motivation 
At LEP I, an important physics issue is the search for various hypothetical heavy par-
ticles. Pair production of such particles can give rise to a four-jet topology, when the 
particles are predicted to decay into quark anti-quark pairs. In the Minimal Supersym-
metric extension of the Standard ~1odel (.MSS~1), the Higgs sector contains additional 
bosons. In this model it is possible that two of the neutral bosons, the scalar hand the 
pseudoscalar A, have small masses, so that they can be pair produced in zo decays. 
Since they are expected to have small widths we can then search for a narrow peak in a 
Dalitz plot where the smallest invariant di-jet mass is plotted versus the largest mass. 
The resolution of the measured masses is enhanced by using the four constraints from 
energy and momentum conservation. Other similar searches include charged scalars 
( zo -+ H+ H-) and the standard model Higgs boson, produced in e+ e- -+ Hz·, \vhere 
H decays into bb and a zo, off mass-shell, decays into a qq pair. 
At LEP II, the pair production of vector bosons will occur with relatively large 
cross sections. It will be of special interest to use the method on zo -+ n1+n1- since 
the resolution of the reconstructed lV mass might be competitive with what can be 
obtained from the threshold behavior of the cross section. In searches for the standard 
Higgs boson the ir+iv- events will be a severe background. But, since the zo will 
be on mass-shell, one will instead be able to search for a narrow peak in the spectrum 
of invariant di-jet masses with the additional constraint that the other di-jet has an 
invariant mass equal to mz. In this case we can reject w+1v- (and zo Z0 ) final states 
by checking if the event fulfills these hypotheses. Finally, if the beam energy reaches 
app. 100 GeV it may be possible to nearly rule out the entire MSSM Higgs sector, 
although this depends somewhat on the higher order corrections to the model. 
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1.2 Purposes and goals 
The purpose of the constrained fitting procedure is to improve the di-jet mass resolution 
by utilizing the four constraints from momentum and energy conservation. Depending 
on the specific analysis there will be additional constraints and the implementation of 
the fit may differ. In four-jet events there are six ways we can select a jet pair and three 
ways we can divide the event into two di-jets. In general there is no way to determine 
which of these partitions is correct. Therefore, we must make fits to all the allowed 
partitions, and, if possible, choose the di-jet pairing which has the smallest x2 • 
We then summarize the relevant 4-jet analyses in e+e- collisions at high energy: 
• Two unknown masses, as in hA or HZ* searches. In this case we have only the 
four constraints from momentum and energy conservation. We make one fit and 
use the reconstructed jets to calculate the invariant masses of all six possible 
di-jets. In an hA search all three pairs of di-jet masses must be used. In the Hz· 
case all six di-jet masses can correspond to the Higgs boson. But here we can 
reject some of the partitions since the Z* mass is expected to be large. 
• Two unknown, but equal masses, as in H+ H- searches and in lV+M!- and zo zo 
final states. In this case we have the additional constraint that the two masses 
are equal, or equivalently that the energies of the two di-jets are equal. \Ve must 
then make three fits, one for each di-jet partition, and choose either the fit with 
the smallest x2 , or accept all partitions which have an acceptable x2 • 
• One unknown and one known mass, as in the HZ search. There are six ways to 
select which two jets correspond to the Z. We therefore have to make six fits 
and choose the fit with the smallest x2 , given the additional constraint that the 
reconstructed di-jet mass equals the known Z mass. To remove the background 
from M!+lv- and zozo events we make further fits to the events, this time with 
two additional constraints from the two known masses. If one of these fits has a 
small x2 the event will probably be a background event. 
So far we have discussed the situation where the jets cannot be distinguished. 
We can however in special cases utilize the possibility to tag b or c jets, or utilize the 
knowledge that one of the hypothetical particles has a special decay channel, e.g. Cve. 
It will be too lengthy to go through all the possible final states, but take as an example 
the HZ search at LEP II. Here the H will decay primarily into bb, and the Z may 
decay into qij or PI Typically, we can then demand that one of the b-jets is tagged 
from the semi leptonic decay. In the fit we must then take into account the additional 
information that we have obtained, and use it to get the best possible mass resolution 
and efficiency. 
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2 Reconstruction of 4-jet events 
There are two suitable ways of reconstruction 4-jet events: cluster algorithms and 
thrust maximization. 
2.1 Cluster algorithms 
A clustering algorithm, e.g. YCLUS [1) or LUCLUS [2], iteratively joins the two four-
momenta in the event giving the smallest measure of distance, where the measure 
depends on the specific algorithm. In studies of jet multiplicities, the iteration is 
stopped when a certain value of the resolution parameter, e.g. Ycut or djoin, is reached. 
In our case the iteration is stopped when four clusters remain, each identified as a jet. 
In order to accept an event as a four-jet event, cuts may be placed on the minimum 
energy or the minimum opening angle of the jets. 
2.2 Thrust algorithm 
The thrust maximization algorithm finds the four jet-axes as the unit-vectors~' j = 1, 4 
which maximize the 4-thrust, a generalized form of the standard thrust: 
( 1) 
In principle we can maximize T4 by calculating all the partitions of particles into four 
subsets and for each partition calculate T4 • Unfortunately the number of ways to 
partition N observed particles into four non-empty sets is ridiculously large even for 
moderate N; 5 · 1019 for 35 particles. In order to circumvent this problem we follow 
an approach [3] which is able to give an excellent approximation to T4 • This can be 
divided into the following steps: 
1. Define the event plane according to the two largest eigenvectors of the moment um 
tensor. 
2. Maximize T3 (defined in analogy with ( 1)) on the event plane where the particles 
are ordered according to the angle </> (see fig. 1). This demands a much more 
moderate number of calculations ( '.:::::'. i }\T3). 
3. Remove the "nicest" of the three jets, e.g. the jet with the largest thrust relative 
to its corresponding jet axis. 
4. Add up the energies and momenta of the remaining particles to find the motion 
of their center of mass. Perform a Lorentz transformation to this center of mass. 
5. Apply the three jet analysis from 2. to the transformed momenta of the remaining 
tracks. vVe then have the remaining three jets defined. 
4 
0 :::; </>1 < </>z < <f>3 < 27r 
Figure 1: Calculating T3 on the event plane 
6. Sum up the four-momenta for all the four jets in the laboratory system. Reassign 
particles to the jet, with which they have the largest scalar product. If all particles 
have been partitioned correctly we have finished the thrust maximization scheme, 
otherwise reassign the particles again. · 
It turns out, that this approach is slightly better than the cluster algorithm for repro-
ducing hypothetical di-jet masses as we will show in section 5. 
3 Di-jet mass reconstruction 
In the following we will describe two met hods to improve the di-jct masses that can be 
obtained from the four jets. The first method is a simple rescaling of jet energies ( a.lso 
known as velocity rescaling), using energy and momentum conservation. The second 
method is a more general constrained fit, which can easily be generalized to include 
also other constraints, e.g. two equal masses. 
3.1 Rescaling of jet energies 
Let PF be the measured 4-momentum of the jet j. In the simple rescaling, we will use 
the momentum and energy conservation to rescale the jet energies and momenta, under 
the assumption that the jet directions are known much better than the energies. \Ve 
assume PJ = CjPF, where PJ are the rescaled four-momenta of the four jets, which 
are assumed to obey the conservation laws. These can then be written as: 
(2) 
These are four equations with four unknown scaling variables C1. The method is 
simple to use, but the solution of (2) is not stable in general. There can be solutions 
with negative C1 which cannot be physically correct. In general one can see that the 
more planar an event is, the harder it is to obtain reasonable values of Cj. The method 
is thus more reliable in reconstructing small invariant masses compared to larger ones. 
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3.2 Lagrange multipliers used for constrained fitting 
The rescaling method above does not allow the transverse directions of the jets to 
vary and it only allows us to use the four constraints from momentum and energy 
conservation. It would be more desirable if we could make a fit to both the energies 
and the directions of the jets. A fit will require some probability, or x2 , to be optimized 
under constraints given on the reconstructed jets. Simple considerations show that 
the x2 must be minimal if the directions of the reconstructed jets coincide with the 
measured directions. For the reconstructed energy we expect that it should on average 
be larger than the measured one, since there can be some undetected particles inside 
the jets. The number of degrees of freedom (NDF) in the fit is equal to the number of 
constraints we require1 . 
In general, for each jet the reconstructed 4-momentum is a function of the mea-
sured jet 4-momentum and four parameters, which can be fitted. V·/e let PJ denote the 
reconstructed 4-momenta which minimize x2 under some genera.I constraints f = 0. 
In the approach described in the following we will restrict the number of parame-
ters to be three for each jet since we expect the invariant mass of the reconstructed jet 
to scale approximately as the size of its energy. This means that we will have twelve 
jet parameters in total, which we will denote as a vector Y. Depending of the specific 
analysis, from four to six constraints must be fulfilled. In our notation this is equivalent 
to putting a vector, /, with length equal to the number of constraints, equal to zero, 
i.e. f(y, Pf) = 0. The fitted parameters must then obey: 
ax2 - - - ... off :=O and f(y):=O (3) 
The minimization problem can be greatly reduced if one requires the x2 to be 
quadratic in the jet parameters, i.e. 
(4) 
where V is the usual error matrix (V kl = O' YkYI), and ffo 1s a vector containing the 
expectation value of Y. 
Lagrange multipliers, .\, are then multiplied by the constraints f and added to 
the x2 yielding a new function Q(y, X), which must be minimized as a function of fj, 
and which must be independent of r, since the second term is identical to zero for all 
.:\. A factor of two is used for convenience. 
Q(y, .:\) = (y - Yo) Tv-1(y - ffo) + 2.:\ · f(ijj 










The constraints are then first-order Taylor expanded in order to make the rnini-
malization linear. 
1(0 = nt-e)) + ar(~) I (y - lf-C)) 8y ii=Y,.l) 
In matrix notation this partial derivative is denoted as: 




The first time we minimize Q(y, ,\) there will remain a second order part of 
the constraints. This suggests an iterative procedure, where the next iteration will 
mm1rruze: 
and give y<e+t). 
~foltiplying (6) by one half and using the iterative superscripts yields: 
v-1 (y<t+t) - Yo) +BT r 
f(yieJ) + B (y<e+t) - y<e)) 
which gives the following set of equations to determine y<e+t): 
The matrix is inverted: 
0 
0 
And finally, we arrive at the recursion formula for determining y<e+t): 





The most straight forward choice of the parameters for a constrained fit is the energy 
and two angles, i.e. Eh ej, and </>j· However, the constrained fit, as outlined in the 
previous section, is based on having a set of parameters whose errors are well described 
by a Gaussian function. The measured jet energies are skewed due to unobserved 
particles and the angular parameters obey periodic boundary conditions. This can be 
handled by introducing socalled "pulls" [7] in the fitting formalism. Unfortunately, this 
tends to be both difficult to implement and to give a somewhat tantalizing formalism. 
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Instead, we try to choose parameters whose corresponding probability functions 
are close to Gaussian. The choice is made on the basis of ·Monte Carlo studies, where 
we know both the measured jet four-momenta, and the "true" four-momenta at the 
parton level. First of all, the jet momentum naturally divides into a longitudinal and 
a transversal part. The skew energy distribution is handled by multiplying the size 
of the longitudinal momentum by an exponential parameter. In the transverse plane 
the "true" four-momenta are distributed as a Gaussian around the measured four-
momenta. Therefore, we choose a random direction in the plane transverse to the 
measured momentum and define two orthogonal unit vectors, ji~ and jij (The unit 
momentum is arbitrarily set to 1 GeV /c). These vectors and the measured momentum 
vector will then define a Cartesian coordinate system (see fig. 2). The reconstructed 
momentum as a function of the measured momentum and three parameters is then: 
(14) 
and the reconstructed energy is written as: 
(15) 
Figure 2· p .... r = ea1p ... m + b ·p ... b + c ·p .... ~ 
• J J )J )J 
The distribution of the parameters is known in Monte Carlo events since we have 
both the "true" jet momentum, identified as the momentum of the original parton, and 
the measured jet momentum. \Ve then link the partons to the jets by assigning the 
parton momentum to the jet momentum with the smallest opening angle (events with 
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ambiguous identification are generally not important). From the parton momentum. 
p}, and the measured momentum, p'J1, we calculate the three parameters, a}, b}, and, 
c!J: 
p} =ea~ pj + b}p~ + c!jpj (16) 
From the distribution of the parameters we calculate the expectation values, y0 , 
where fj corresponds to aj, bj, and Cj as: 
Yi= aj YiH = bj Yi+B = Cj, j = 1,4 (17) 
Since the transverse directions are chosen at random, we see that only the a/s have 
expectation values different from zero. 
In the simplest approach we assume that the errors on the parameters are uncor-
related: 
V·· - '··,...·a-· 
•J - V 1Jv 1 J (18) 
The variances are estimated by a Gaussian fit to the central part of the l\fonte 
Carlo parameter distributions. The tails of the distributions should not be taken into 
account since these come from events where the fits will give a large x2 , and such events 
we do not expect to be able to fit properly. 
The constraint functions, f(yUl), are calculated for each iteration of the fit to-
gether with the partial derivatives, B. The latter calculations are long but tri\'ia.l. As 
an example we show how the BT matrix looks like in the case of a fit with only the 
four constraints from momentum and energy conservation: 
eaip~ eaipm ly eaip~ e2a1 lfr11( E1IP~1)-l 
ea2p~ ea2pm 2y ea2p'2z e2a2 l11~l(E2 IP~ l)-1 
ea3p~ ea3pm 3y ea3p:;1;, e203 IP~l(E3 lf~l)-l 
ea4 p:r,, ea4pm 4y ea4 P4z e2a 4 lf'.;11( Ef IP~ 1)-l 
b Pix b P1y b P1z b1E1(1f~llf~ 1)-1 
b b b b2E2(1i~llf~l)- 1 BT P2x P2y P2z (19) b b b b3 E3 (If~ 11 f~ I )-1 P3x P3y P3z 
b P4x b P4y b P4z b4Ef (lf'.;1lli~lt 1 
P~x P~y PL c1E!(lf~lli~lt 1 
P2x P2y P2z c2E2(1i~llf~l)- 1 
P~x P~y P~z C3Ef(lf~llf~lt 1 
P4x P4y P4z c4Ef(li'.;1llf~l)- 1 
3.4 Improved error handling 
The idea behind the following improved approach to error handling is to divide the 
total error matrix into a sum of independent matrices originating from different sources, 
each treated in a different way. The total error matrix is found to contain four parts: 
• V c, the error coming from measurement errors on the momenta of the tracks in 
the Delphi tracking devices. This error matrix is known on a particle by particle 
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basis in a Cartesian coordinate system. These matrices must then be transformed 
to the coordinate system of the jet parameters. 
• V n, the error coming from measurement errors on the energy and position of 
neutral electromagnetic clusters in the Delphi electromagnetic calorimeters. In 
this case the error is known on a statistical basis as a function of the measured 
cluster energy. 
• Va, the error coming from assigning particles to the wrong jets. A priori there 
is no certain way to determine which jet a particle originated from. In processes 
where a pair of quark and antiquark is produced from the decay of a heavy particle 
it is not even possible from a theoretical point of view, since the hard gluon 
bremsstrahlung and the subsequent hadronization phase will ruin this knowledge. 
On the other hand, this does not directly influence the determination of the 
correct invariant mass. In this section we will see how this assignment problem 
can be solved in a statistical way. 
• Vu, the error coming from particles not being measured in the Delphi detectors. 
This part must be estimated from Monte Carlo studies of the expected signal. 
The total error matrix to be used in the fit is simply the sum of the individual contri-
butions: 
(20) 
3.5 Statistical treatment of the assignment of particles to 
jets 
The particles inside a jet have a momentum transverse to the original quark (PJ. ). From 
previous analyses we know that the distribution of Pl. is nearly exponential, and that 
the mean value is of the order 300 ~leV /c. Hence, the probability distribution for Pl. 
IS: 
(21) 
Note that this is the probability that a particle has a given PJ., not the probability 
that a particle with a PJ. belongs to a specific jet. The probability, F(pJ.), that we seek 
should fulfil the following criteria: 
• F(O) = 1 
• F(oo)=O 
We see that this is so for the following probability distribution: 








0 2 3 4 5 6 7 8 
(x+ 1 )*exp(-x) 
Figure 3: J(.r) = (x + l)e-x 
The use of Pl. causes a problem since a particle has the same /JJ. \\'it h respect to 
a jet and with respect to another jet that points in the opposite direction. Therefore 
we choose a slightly different measure: 
(23) 
where E; is the energy of the particle and ()ij is the opening angle between the particle 
and the jet. The probability distribution must_ then be normalized so that the sum is 
equal to unity. So, we finally arrive at the probability ~ij, that particle i belongs to jet 
y: 
C - (AEi(l - cos0;1) + 1) e-AE;(l-cosB,1) 
IJ - I:t=l (AEi(l - cos eik) + 1) e-AE,(1-cosB,k) (24) 
The statistical treatment of the probabilities leads us to recalculate the momenta 
of the four jets as: 
n 
P1 = °L,foPi, (25) i=l 
where n is the total number of particles. In principle, (25) leads to new values of the 
jet directions, which will give new jet-particle opening angles. which gives new ~ij, etc. 
Unfortunately, this iterative procedure does not lead to a better determination of the 
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jet directions. It turns out that the system will converge to a state where all four jets 
point in the same direction, i.e. (25) will tend to merge the jets. The simplest way 
to avoid this problem, while still keeping the probability interpretation, is to use (25) 
only once, with the original jet directions defined from the 4-jet reconstruction method. 
The probabilities can then be used to estimate the errors of the measured jets, and 
thereby the errors on the parameters, i.e. Va. 
We now wish to calculate: 
(26) 
where the mean is taken over the probabilities fo. We use (14) to calculate the jet 
parameters as a function of the jet momentum: 
( -m ) p J ... r a· ln l1';'l2 • p j J 




Since we are only interested in the result of (26), we will use a linear approximation in 
order to facilitate the calculations. \Vith the notation: 
(28) 





ljx = lf)j 12' (30) 
and a straight forward probability calculus finally yields: 
n 3 3 
O'Y;Yk' = LL L IJo lkO ( bjk - ~ik) ~ijPioPifJ 
i=l o=l (3=1 
(31) 
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4 Implementation and usage 
In principle, it is straight forward to use the formulae and algorithms which were de-
rived in the previous sections. In order to facilitate the usage, we have implemented 
FORTRAN versions as three routines in the Delphi VECSUB package, which can be found 
in [DPADEV. PHY] VECSUB72. CAR at VXCERN. Both VECSUB and the subroutines are doc-
umented in the pam-file. Hence, we will only describe the issues important for the 
four-jet analyses. 
VECSUB is a subroutine package for operations with vectors. Similar to the LUND 
JETS ET routines, it uses a vector P (k), which is stored in the common /PUCPPP I at 
the location p(1,k) ... p(10 ,k). The common is defined in PATCH, VECDES as COMMON 
/PUCPPP I VECP ( 10, 2*MTRACK). The components of each entry are stored as: 










The user can either use the VECP array filled by a call to PXFVEC in the PXDST 
program, or choose to fill it with any given values. The NT particles should be placed 
at positions NSTA to NSTA+NT-1 in VECP. 
The next analysis step is to reconstruct the four jets. This is done by the following 
call: 
CALL PUJET4(NSTA,NT,NW,JETADD,IERR) 
The PUJET4 routine performs a four jet reconstruction as described in section 2.2. On 
return, positions NW to NW+3 will contain the four reconstructed jets. IVECP ( 10, J+NW-1) 
will contain the number of particles belonging to jet J, J=1-4. Finally, JETADD times 
J will be added to IVECP(10 ,N), N=NSTA,NSTA+NT-1. This is used to indicate the 
affiliation of each particle to the jets. Since PUJET4 uses other VECSUB routines, it will 
need some work space. It requires NT+4 free places in the VECP array, starting from 
position NW. Consequently, the information contained in positions NW to NW+NT+3 will 
be overwritten. IERR is an integer which on return will contain information on how 
PUJET4 worked. \Vhen IERR=O everything has been calculated correctly, while IERR>O 
signifies that PUJET4 has failed due to some error: 
IERR=1 Some of the entries in COMMON /PUCPPP/ would have been outside the bound-
aries [1; 2*MJETS] 
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IERR=2 The input particles and the work space would have overlapped m COMMON 
/PUCPPP/ 
IERR=3 The number of tracks, NT, must be at least 4 and at most 150. 
IERR=4 All particles lie in one hemisphere. Our implementation can not handle this 
rare situation. 
The next step is to make the di-jet mass reconstruction. 
The simple jet rescaling algorithm as described in section 3.1 can be performed 
by a call to: 
CALL PUJ4RS(NSTA,NJET,SQRTS,C,IERR) 
Here, positions NSTA to NSTA+3 should contain the four measured jets, e.g. NSTA is taken 
as NW after the call to PUJET4. On return positions NJET to NJET+3 will contain the 
rescaled jets. SQRTS is the collision energy used in the energy conservation equation. 
C, which should be declared as a REAL with a length of at least 4, will contain the 
four rescaling coefficients. Remember that if any of the C's are negative the solution 
is unphysical. IERR is put to zero, except if the set of equations cannot be solved 
uniquely. In these rare cases IERR will be given the value which the routine REQN from 
CERNLIB gives. 
The general constrained fit is made by a call to: 
CALL PUJ4KF(ITYFIT,NSTA,NJET,AO,DA,DP,SQRTS,AM,COEF,CHI2,IERR) 
The algorithms used are described in sections 3.2 and 3.3. The arguments of the 
routine have the following properties: 
ITYFIT an integer, that defines which type of constraints to use, and which partitions 
are fitted: 
ITYFIT=1 The four constraints from momentum and energy conservation. Only 
one fit is made. 
ITYFIT=2 The additional constraint that two di-jet masses are equal. The three 
different possible partitions are fitted. 
ITYFIT=3 Same as ITYFIT=2, except that only the partition with m 12 = m 34 is 
fitted. 
ITYFIT=4 The additional constraint that one of the di-jet masses equals AM ( 1). 
The six different possible partitions are fitted. 
ITYFIT=5 Same as ITYFIT=4, except that only the partition with m 12 =AM(l) is 
fitted. 
ITYFIT=6 The additional constraints that one of the di-jet masses equals AM(l) 
and another equals AM(2). The six (only three if AM( 1)=AM(2)) different 
possible partitions are fitted. 
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ITYFIT=7 Same as ITYFIT=6, except that only the partition with m 12 =AM(1) 
and m 34 =AM(2) is fitted. 
NSTA positions NSTA to NSTA+3 in VECP should contain the four measured jets. 
NJET on return positions NJET to NJET+3 will contain the fitted jets. If there has been 
more than one fit, the fit with the smallest value of x2 is chosen. 
AO a REAL declared with a length of at least 4 which contains the expected mean of 
aj, j = 1,4. 
DA a REAL declared with a length of at least 4 which contains the expected R~1S of 
aj, j = 1,4. 
DP a REAL declared with a length of at least 4 which contains the expected R~'lS of bj 
and Cj, j = 1,4. 
SQRTS the collision energy used for the energy conservation constraint. SQRTS is m 
GeV. 
AM a REAL declared with a length of at least 2. AM is used as input if ITYFIT>3. In this 
case it should contain the value(s) of the mass constraint(s). If ITYFIT is 2 or 3. 
AM( 1) will on return contain the fitted value of the equal masses. 
COEF a REAL declared with a length of at least 12. On return, COEF (I, J) will contain 
the fitted value of Yj+4·(i-l)l e.g. COEF(2,3) corresponds to b3 . 
CHI2 the x2 /(NDF) obtained from the fit. If there is more than one fit, the smallest 
is stored in CHI2. 
IERR an integer which on return will contain information on how PUJ4KF worked. 
When IERR=O everything has been calculated correctly, while IERR>O signifies 
that PUJ4KF has failed due to some error: 
IERR=1 ITYFIT should have been between 1 and 7. 
IERR=2 Some of the entries in COMMON /PUCPPP/ would have been outside the 
boundaries [1; 2*MJETS] 
IERR=3 The input jets and the fitted jets would have overlapped m COMMON 
/PUCPPP/ 
IERR=4 SQRTS must be positive. 
IERR=5 If ITYFIT>3 AM ( 1) must be positive. 
IERR=6 If ITYFIT>5 AM(2) must also be positive. 
IERR=7 Something went wrong in a call to the CERNLIB routine DEQN (should not 
happen). 
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The PUJ4KF routine works internally with DOUBLE PRECISION and iterates ( 13) 
typically 5 times, before the changes in the reconstructed jets become very small (,...., 
10 MeV), after which, the iteration is stopped. This means that the fit is very fast, 
typically less than 0.1 second per fit on a VAX-station 3100. \Ve have also checked 
that the obtained x2 does not depend on the initial value of Y. Only in less than 1 % 
of the fits the x2 could be improved by introducing a different set of initial values. 
Furthermore, it turns out that these events in general have a poor mass resolution, 
even if the best fit is performed. 
We have not yet implemented in VECSUB the use of the general error matrix and 
the part with improved error handling as described in section 3.4. 
4.1 An example 
Consider the search for HZ events at LEP II: 
Z*-+ HZ-+ bbqq (32) 
A typical analysis could proceed as follows: One of the b-jets is required to be tagged by 
the semi-leptonic decay: b-+ cp-vµ, which is signified by a muon with large transverse 
and longitudinal momentum. The four jets are fitted without including the muon, 
and the muon is linked to the closest jet. This tagged b-jet is treated separately, 
without including the transverse muon momentum, but adding twice the longitudinal 
momentum to correct for the missing neutrino. 
The event is fitted three times with ITYFIT=S and AM(1)=91. 2, assuming that one 
of the other jets is ab-jet, which can have different values of a0, aa, and ab = ac. The 
fit with the smallest value of x2 is chosen and the event is rejected if this value is above 
a cut. Six other fits with ITYFIT=7 and AM(1)=AM(2)= 91.2 or 80.6 are performed. If 
any of these fits have a x2 below another cut the event is rejected, since it is probable 
that it is a background event. 
Finally, the value of the other di-jet mass is plotted for events, which have not 
been rejected, and the Higgs boson is searched for as a narrow peak in this mass 
spectrum. 
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5 Results and discussion 
The results in this section are based on Monte Carlo simulated events. 
• Charged Higgs with mH = 10, 15, 20, 25, 30, 35, and 40 GeV /c 2 produced by 
Raino Keranen at CERN with JETSET 6.3. 
• Charged Higgs with mH = 40 and 43 GeV /c2 produced by Pierre Lutz at Lyon 
with JETSET 7.2. 
• Neutral MSSi\1 Higgs with (mh, mA) = (25,40), (30,35), (30,-15). (3.5,40), (3.5,50), 
(40,45) and (40,50) GeV/c2 produced by Gilbert Grosdidier at Lyon with a gen-
erator supplied by us and JETSET 7.2. This sample includes e\'Cnts with both 
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Figure 4: The distributions of the jet parameters are plotted for generated charged 
Higgs events with mH=40 and 43 GeV /c2 . The parameters on the parton level are 
obtained from solving (16). 
The analyses described here uses all the DST-only information with only one cut: 
1:.P. < 1 for charged tracks. The 4-momenta are put in the VECSUB COMMON, four jets are p 
reconstructed, and the events are then forced to obey the constraints. 
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In the analysis of real data [4-6], we have been forced to use additional cuts, i.g. 
on the polar angle. This degraded the performance to varying degrees. The relevant 
information about efficiencies and mass resolution obtained can be found in the papers. 
In Monte Carlo events we know both the generated and measured momenta of 
the jets. We can then use (16) to calculate the "real" values of the jet parameters on 
the parton level. In figure 4 we plot the distribution of the longitudinal and transverse 
jet parameters on the parton level. Notice that they are nearly Gaussian (with small 
additional tails), and that the distribution of a/ is nearly symmetric. Fits to a Gaussian 
distribution in the central part of the distributions yield the values which should be 
used in the constrained fits. 
The values are nearly independent of the generated Higgs mass( es) and show 
only small dependences on the type of 4-jet events we are analyzing, i.e. charged Higgs, 
MSSl\,I Higgs with tan f3 < 1, and MSS~I Higgs with tan /3 > 1. In the following we 
will use fixed numbers as input to the fits: oo = 0.12, O'a = 0.30, and O'b = O'c = 1.00 
GeV /c. 
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Figure 5: The distributions of the reconstructed jet parameters are plotted for gener-
ated charged Higgs events with mH=40 and 43 GeV /c2 • The parameters are obtained 
from the constrained fit with the additional constraint, that the two masses are equal. 
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\Ve can then perform the fit with four constraints from momentum and energy 
conservation and the additional equal mass constraint. The reconstructed jet parame-
ters are distributed as shown in figure 5. Notice that the widths of the reconstructed 
transverse parameters are much smaller than the ones we obtained at the parton level. 
To understand this point we must go back to the definition of the x2 • If we use the 
parton level jet parameters to calculate the x2 we would expect these to be distributed 
as a x2 distribution with twelve degrees of freedom, i.e. each of the 12 parton level 
parameters is distributed with a width equal to the u that we put into the fit. We 
know that a constrained fit has a number of degrees of freedom equal to the number 
of constraints (in this case 5). Therefore, the reconstructed jet parameters must be 
distributed more narrowly compared to the parton level. The reason for the trans-
verse parameters to narrow much more than the longitudinal lies in the form of the 
constraints, i.e. it '·costs" considerably more in additional x2 to fulfil the energy, mo-
mentum, and mass constraints when we change the transverse components compared 
to the longitudinal ones. 
Take as an example the energy constraint: Ej=1 Ej = Js. A first order change 
in the transversal jet parameters will only change the directions of the jets, not the 
energies. Hence, the constrained fit prefers to change the longitudinal jet parameters in 
order to minimize the x2 . Furthermore, this will mean that the constrained fit is much 
better in improving the jet energy resolution compared to the resolution on the jet 
direction. This special feature governs the behavior of the constrained fit as a function 
of the event topology as we will show further on. 
Finally, in figure 6 we plot the x2 distribution for constrained fits with different 
number of constraints and the x2 distribution on the parton level. Notice that we 
cannot expect the distributions to correspond exactly to correct x2 distributions due 
to the additional tails compared to a Gaussian distribution. In principle it is possible 
to include the effect of the tails in the constrained fit, but this will make the numerical 
implementation much more difficult and much more CPU consuming. The full treat-
ment would include parametrizations of the jet parameters on the parton le,·el, one 
would then have to transform these functions to give a x2 that is no longer quadratic 
in the parameters, and finally solve (6) with complicated numerical techniques. 
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Figure 6: The x2 distributions from constrained fits are plotted for three different 
number of constraints. (a) is the fit with 4 constraints, (b) has the additional constraint 
of equal masses, ( c) has the two additional constraints that the two reconstructed 
masses equal the generated masses. Finally in ( d), we plot the x2 , obtained from the 
jet parameters determined on the parton level. The x2 is obtained with the "standard" 
fitting values: a0 = 0.12, O"a = 0.30, and O"b = O"c = 1.00 GeV /c. The results are from 
generated charged Higgs events with mH=40 and 43 GeV /c2 . 
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Until now we have assumed that the jet parameters are distributed independently 
of the jet topology. However, we know that the Delphi detectors do not cover all of the 
41i solid angle. There is a rather large gap in the forward and backward regions where 
especially the charged particles are not detected. As a function of the measured angle 
to the beam, or cos( /1 i), we then plot the average values of the jet parameters on the 
parton level and their widths. This is shown in figure 7. 
In the forward and backward regions we expect the measured jet energies to 
be smaller due to undetected particles, i.e. the scaling factor and thereby a0 must be 
larger. Furthermore, the lacking geometrical acceptance will tend to shift the measured 
jet directions away from the beam axis. In order to examine the latter effect we define 
one of the transverse directions, p~, to lie in the plane spanned by the jet and the beam 
direction. This is done in such a way that the z-component of p; is always positive 
and that the z-component of the other transverse direction, pj, is zero: 
P-c = J (33) 
The obtained results plotted in figure 7 suggest a significant shift in the jet parameters 
in the forward region. One can of course take these features into account when the 
constrained fit is performed. This is done on a jet by jet basis, changing the values of 
ao, O'a, and O'b=O'c as a function of the jet angle. It turns out that the resolution and 
the efficiency are only slightly improved if this is implemented in the fit, and we will 
therefore not go into details with this. On the other hand it is worth mentioning that 
a geometrical cut on the particles can increase this effect dramatically. 
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Figure 7: The jet parameters on the parton level are plotted as a function of the angle 
cos( {)j) between the jet and the beam. One of the transverse directions, p~, is chosen 
to be directed towards the beam axis with positive cos( {)j ). 
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We can also try to investigate the different components of the improved error 
handling which was described in section 3.4. The most interesting of the contributions 
to the error matrix is the part originating from assignment. This part can be examined 
by calculating the correlations between the jet parameters of two jets which have a 
small opening angle with respect to each other. In figure 8 we plot a measure of the 
longitudinal and transversal correlation as a function of the opening angle. We see, as 
expected, that the parameters become negatively correlated when the opening angle 
becomes small. 
The transverse correlation effect will have different consequences as a function of 
the Higgs masses. When the Higgs mass is small, two jets with small opening angle will 
mainly originate from the same Higgs particle. Since the 4-jet reconstruction will on 
the average increase this angle, the reconstructed mass will be shifted towards larger 
values. With a large Higgs mass two jets with a small opening angle will belong to two 
different heavy particles. Since the opening angle to the other parton from the Higgs 
decay is large, this will in average decrease the Higgs opening angle and thereby shift 
the reconstructed mass to a smaller value. 
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Figure 8: The correlation between jet parameters is plotted as a function of the jet-jet 
opening angle Bij· The left plot shows the longitudinal correlation (a 1aj)(cos(O;J)), while 
the right plot shows the transverse correlation ((bip~ + CiP{)(bjp~ + Cjpj))(cos(O;j)). 
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After the constrained fit we can then plot the reconstructed di-jet masses as in 
figure 9. In order to remove the combinatorial background we can either choose to use 
the masses from all three di-jet combinations or use only the pairing with the smallest 
x2 • \Ne fit the distributions to a Gaussian plus a constant background: 
__.!_ dN =a+ c exp(-(1\1R-(MH+~M))2 ) 
N d1\!R v'21rau 2aM2 ' (34 ) 
where a is the background, c the efficiency, aM the width, and ~M the mass shift. 
It turns out that this parametrization describes the distributions beautifully. We 
can see that it is preferable to use all three jet pairings in order to improve the efficiency, 
even though the background becomes larger. 
(/) 
........ a= 0.032 ± 0.003 (/) ........ a= 0.017 ± 0.002 
c 0.482 ± 0.027 c €= 0.399 ± 0.023 Q) €= Q) 
> CT,\[ = 0.828 ± 0.04.5 > CTM = 0.868 ± 0.050 Q) Q) 
4- D.u = -0.214 ± 0.044 ...._ t::,.M = -0.207 ± 0.048 










Figure 9: The distribution of the reconstructed di-jet masses is plotted for 1201 gener-
ated events with ffiH = 40 GeV /c2• The left plot includes all entries that have x2 < 10, 
while the right plot includes only the entry with the smallest x2 for each event. This 
entry must also have x2 < 10. The curve is a fit to (34). The results are from the 
"standard" analysis using PUJET4 and PUJ4KF. 
It is interesting to compare the constrained fit with the rescaling method. After 
the rescaling we can reconstruct the equal mass by taking the average of the two 
masses. This is plotted in figure 10. \Ve will also have to make a cut here to reject 
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the combinatorial background and events that are not correctly reconstructed. \Ve do 
this by making a cut on the rescaling coefficients and on the difference between the 
two masses. \Ve make sure that an equal number of entries passes the cuts in the 
constrained fit and in the rescaling plot. This means that the two distributions are 
directly comparable. 
\Ve observe that the constrained fit is superior to the rescaling method. This is 
especially true when the Higgs masses become large. In this case the events will tend 
to become planar, since the Higgs decay products are back to back. If the event is 
planar one of the momentum constraints is automatically fulfilled, and the solution to 














a = 0.035 ± 0.003 
E = 0.346 ± 0.027 
C!Af = 0.926 ± 0.078 
UAJ = -0.344 ± 0.049 

















a = 0.008 ± 0.002 
E = 0.376 ± 0.023 
CfM = 1.091 ± 0.072 
UAf = -0.402 ± 0.042 
x2 /NDF = 41.71/28 
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Figure 10: The distribution of the reconstructed di-jet masses is plotted for 1201 gener-
ated events with mH = 40 GeV /c2 • The results are obtained with PUJET4 and PUJ4RS. 
A measure is defined similar to the x2 in the constrained fit. The measure increases as 
the rescaling coefficients differ from unity, and increases when the reconstructed mass 
difference increases. The number of entries in figure 9 is chosen to equal the number 
of entries passing the rescaling cut. The left plot includes all entries that have a rnlue 
of the measure below the cut, while the right plot includes only the entry with the 
smallest value. 
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Finally, we can also choose to use another 4-jet reconstruction algorithm. Instead 
of PUJET4 we use PUYCLU, the VECSUB implementation of YCLUS [1], with the number 
of jets fixed to four. After this the event is treated the same way as in the standard 
analysis. The reconstructed mass distributions are shown in figure 11. 
We observe that the results are slightly worse compared to using PUJET4, although 
it is only by app. 1..5 standard deviations. 
(/) 0.037 ± 0.003 (/) a= 0.022 ± 0.002 ....... a= ......, 
c 
Q) €= 0.457 ± 0.027 c (j) €= 0.344 ± 0.023 
> O'M= 0.867 ± 0.078 > O'Af= 0.881 ± 0.0.57 Q) (j) 
.....__ !:::..M = -0.181 ± 0.0.50 .....__ !:,.!vi = -0.199 ± 0.056 







Figure 11: The distribution of the reconstructed di-jet masses is plotted for 1201 
generated events •vith mH = 40 GeV /c2 . The left plot includes all entries that ha\'c 
x2 < 10, while the right plot includes only the entry with the smallest x2 for each 
event. This entry must also have x2 < 10. The curve is a fit to (34 ). The results are 
from the analysis using PUYCLU and PUJ4KF. 
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In the MSSM searches the two heavy Higgs bosons can have different masses. 
This means that we have to look at the mass distribution in a 2-dimensional plot. The 
standard way of doing this is in a "'Dalitz" plot where the smallest reconstructed mass 
is plotted versus the largest. The events are fitted once with only four constraints, and 
we have now three entries per event. Unlike the equal mass situation, there is no way 
to remove the combinatorial background, since we cannot say which pairing of the jets 
is correct. Therefore, there is no reason to put a hard cut on the x2 for the constrained 
fit. 
In figure 12 we show the Dalitz plots for four different choices of the Higgs masses, 
(m.4, mh)· The equal masses are obtained from H+ H- which behave in nearly the same 
manner as the neutral ~'1SS~vf particles. We can see four clear peaks at the correct 
masses. But, we also notice that ms and mL are correlated in the distribution of the 
peaks. It turns out that it is more informative if we change the coordinate system so 
that the mass difference, mL - ms. is plotted versus the mass sum, mL + ms, as m 
figure 13. There are several interesting features in these distributions: 
• The combinatorial background from incorrect di-jet pairing plays a large role 
depending on the total mass, mL +ms. This is a kinematical effect which is most 
severe in the intermediate mass range2 where the jets are distributed more or less 
randomly in the solid angle. 
• The area of the peak is nearly constant as a function of mL + ms, which is a 
very nice feature when one wants to perform searches over a large area in the 
(m.4, rnh) plane. 
• As a function of the total mass. the peak broadens in the reconstructed mass 
difference, and narrows in the the mass sum. This is also an effect originating 
from the event topology, which will force us to use search windows that vary 
in shape as a function of the total mass. At very high masses, mL +ms > 8.5 
Ge V / c2 , the mass difference becomes so broad that one cannot search for a peak 
in the mL - ms variable. 
• When mL ~ms we see that the peak is more narrow in mL - ms. The reason 
for this is that we do not know which of the two generated masses corresponds 
to the original m.4, and which is the mh. This combinatorial effect will give a 
reflection of the peak at the line mL = ms. This should be taken into account 
when one defines the window sizes for two mass searches. 
2Simple considerations show that at low mL +ms, the combinatorial background will be situated 
mainly at large masses, while at very large masses it will contribute with entries near the line: tnL = 
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Figure 12: The Dalitz plots of smallest di-jet mass versus largest are shown for different 
l\fonte Carlos. (a) mH=20 GeV/c2 , (b) rnA=40 rnh=25 GeV/c2 , (c) rnH=43 GeV/c2 , 
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Figure 13: The distributions of mass difference versus mass sum are shown for different 
Monte Carlos. (a) mH=20 GeV/c2 , (b) mA=40 mh=25 GeV/c2 , (c) m11=-1:3 GeV/c2 , 
(d) m_4=50 mh=40 GeV/c2 . 
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Going back to the equal mass Higgs fitted with five constraints, the situation is 
simpler since we can make a fit to find the efficiency and the width, which are the most 
important results of the constrained fit. 
In figure 14 we plot the results as function of the generated charged Higgs mass. 
These results are from the "standard'' analysis with three entries per event, depending 
on the x2 . 
• The efficiency drops from 65% to 45% as function of the generated mass. The 
Higgs are produced mostly in the central region ( O' ex sin2 eH ). When the masses 
increase the di-jet opening angles increase and there will be a larger probability 
that at least one of the four jets will end up in the forward region. Since we 
have a smaller efficiency of correctly detecting these forward jets this is the main 
reason for the decreasing efficiency. 
• The width is nearly constant and is below 1.0 Ge V / c2 • It should however be 
noted that there will be a tendency to smaller widths at very large masses which 
we observed in the two mass searches, and which the last point a 4:3 GeV /c2 also 
gives a hint about. Again, this is related to the topology of the event, where two 
heavy particles each decay into quarks which are back to back. In this case the 
important error in determining the jet energies will give rise mostly to an error 
on the mass difference, not on the mass sum, and hence a better determination 
of the reconstructed mass when we use the additional equal mass constraint. 
• The mass shift, D.M, is very important when one wants to measure the mass 
with high precision as may be the case with the charged vector boson at LEP 
II. vVe observe that the reconstructed mass is too high at small masses and too 
low at large Higgs masses. We have already discussed the effect coming from 
the correlations between two jets with a small opening angle as shown in figure 
8. There is however other effects that play a role. Since we have a limited 
geometrical acceptance, there will f.ex. be a tendency of the forward jets to be 
reconstructed more centrally, compared to their true direction as was discussed 
with figure 7. This means that the events will be somewhat squeezed, and this 
will in general mean that the reconstructed masses become smaller. Finally, there 
is an effect which is only important at very large masses, which originates in the 
fact that we cannot reconstruct masses which lie above the available energy from 
the zo decay. This effect is much smaller than the combinatorial reflection effect 
which was discussed with the two mass searches. It will however on average 
decrease the reconstructed mass when the generated mass becomes very close to 
the collision energy, Vs· 
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Figure 14: The efficiency, E, the width, <JM, and the difference between the fitted mass 
and the generated mass, 6M are plotted as functions of the generated mass. For each 
generated Higgs mass the mass spectrum is fitted to a Gaussian with background (:34). 
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A priori, there is no natural value we should use as a cut on x2 • \Ve expect that 
events with large x2 are poorly reconstructed and should therefore be rejected. In 
figure 15 we plot the results in bins of x2 , with an equal number of entries going into 
each bin. Notice that the normalization of the efficiency is a bit obscure since there 
are three entries per event. 
The results are more or less as expected, the reconstruction being worse at large 
values of x2 • It will of course depend on the specific analysis where to put the cut on 
X2· 
In general, the quality, Q, of the fitting procedure can be estimated from the 
resolution, er of the reconstructed masses, and the efficiency c The quality depends on 
the specific analysis. 
• In a one mass search, like H+ H-, the signal to background ratio is: Q ex ; 
• In a two mass search, like hA, the signal to background ratio is: Q ex a(2 
• In the determination of the TV mass from the reconstructed masses the statistical 
resolution is proportional to .fi. This means that the quality is: Q ex 4 
\Ve will also mention that we will have to make additional cuts to reject the 
background coming from ordinary QCD events. In searches, the cut is optimized by 
comparing the signal ~fonte Carlo to the QCD Monte Carlo. When we are in a situation 
where both the expected signal and the background is large we can use the fact that the 
numbers will be distributed according to a normal distribution. The quantity we wish 
to optimize is the number of standard deviations, S, we can expect for a given signal 
and background. We make a cut in a variable, x, in which the signal is distributed 
s( x) and the background b( x ). Assuming that x is larger for the signal we then find: 
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Figure 15: The same as figure 14, except that the results are plotted as functions of 
the x2 obtained in the fits with five constraints. 
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As described above the constrained fit needs the expected average of the jet 
parameters and their widths as inputs to calculate the x2 . In order to understand the 
systematics we have tried to vary these values and see what influence this has on the 
quality of the constrained fits. 
In figure 16 we show the fitted efficiency and width as a function of the expectation 
value, a0 , of the rescaling parameter, aj. The results do not seem to depend significantly 
on this value. Notice that the results are correlated from bin to bin since it is the same 
events we fit in each bin. 
Going into details, we observe that choosing a low value of a0 will make it harder 
for the fit to make large scalings of the jet energies, therefore the efficiency will tend to 
drop, on the other hand the events which are measured nearly correctly, i.e. with small 
a/s, will be better reconstructed and we will thereby obtain a width which is smaller. 
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Figure 16: The efficiency and width is plotted as a function of a0 • 
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Since the x2 is used only as a value which should be minimized, the results of the 
constrained fit will not depend on the scale of the input parameters, the longitudinal 
width, CT a, and the transverse widths, CTb = CTc. The latter is also called CT .l · If we divide 
CTa and CT.i by the same factor, the reconstructed jet will remain the same, while the x2 
becomes larger with the factor squared. 
In figure 17 we show the fitted efficiency and width as a function of the ratio of 
the two input parameters, CT a and CT .l· Here, the effects are somewhat larger, and we 
find that the fit performs optimal when CTa/CTJ.,...., 0.4. 













Figure 17: The efficiency and width is plotted as a function of CT"/ CT J.· 
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In order to understand systematic effects we will also examine the dependency 
on the data quality in two different ways. 
Since the production angle of scalars are proportional to sine squared of the angle 
to the beam, one will expect that it is not essential to include the forward region in the 
analyses. To investigate this we plot the results in figure 18 as function of cos( Bcut), 
where only particles that obey I cos( Bi) I < cos(Bcut) are included in the analysis. The 
results are from a generated charged Higgs mass of 40 GeV /c2 . 
The most striking feature in the plots is the large drop in efficiency as the geo-
metrical acceptance decreases. This means, that in search for heavy objects, we must 
utilize as much as possible of the forward counters in Delphi. Notice also that the mass 
shift becomes larger when the acceptance decreases, as we have mentioned before. 
Imagine that the l\fonte Carlo does not correctly reproduce the performance of 
the Delphi detectors. This effect can be implemented in a simplified way by assuming 
that only a fraction, p, of the particles which the l\fonte Carlo assumes to be detected 
are really detected. In figure 19 we plot the results as a function of p. Again, it 
is mostly the efficiency that suffers from the losses. The effect is quite large since a 
inefficiency of 10% in the detector will give a relative reduction in the reconstruction 
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Figure 18: The efficiency, E, the width, aM, and the difference between the fitted mass 
and the generated mass, !::i.M are plotted as functions of the geometrical cut on particles: 
I cos(Oi)I < cos(Bcut). For each generated cut the mass spectrum is fitted to a Gaussian 
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Figure 19: Same as figure 18, except that the variable pis the probability that a particle 




\Ve have presented methods which reconstruct invariant di-jet masses in 4-jet events. 
The main weight was put on the description of the constrained fit, which utilizes the 
four constraints from momentum and energy conservation and possible further explicit 
constraints on the masses. 
In the Delphi implementation presented, the constrained fit is relatively simple 
to use as a standard analysis routine. It is not CPU consuming and the results do no 
depend on any start guess. The only inputs to the routine, except from the measured 
jets, are the mean \'alues and widths of the jet parameters which are used to calculate 
the x2 , the quantity we wish to minimize. \Ve saw that the reconstructed jets only 
depended slightly on these values, which should be obtained from the signal .Monte 
Carlo. 
The resulting efficiencies were around 50%, when the full solid angle can be used, 
and the obtained mass resolution was below 1 GeV /c2 when the additional constraint 
requiring equal masses was used. Even though the results were quite easy to understand 
there are many subtleties that had to be understood when we went into details with 
the reconstructed mass spectra. 
Finally, we conclude that the constrained fit is superior to the well known rescaling 
method when the masses become large. 
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